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Outline 
The thesis is divided into four major parts. In the first chapter, a 
general introduction to the process of self-assembly and its importance in 
various emerging research fields is shortly outlined. The motivation for this 
work and its goals are also discussed. 
The second chapter provides an extensive theoretical background on 
the self-assembly process and a comprehensive literature review on the most 
widely used folding and actuation systems. Actuation mechanisms, 
responsiveness to stimuli, fabrication methods as well as the applications of 
these systems are described, with a particular emphasis being put on 
swelling-based systems. 
Detailed explanation of the experimental techniques and the analytical 
methods is given in the first part of Chapter 3. In the second part, the 
investigation results for each examined system and their discussion are 
represented. An overall of four major systems, bound to address specific 
problems, were examined. This work was the result of a continuous research, 
where the acquired results raised questions and led to new ideas. Therefore, 
for each system, a short motivation part is included, where the main 
questions and goals are stated. Technical details on polymer synthesis and 
sample preparation are then given and the results are represented and 
discussed. All the important observations and conclusions are then 
summarized. 
Finally, the conclusions of this work and the possible further 
investigations as well as potential applications are presented in Chapter 4. 
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Abstract 
Self-folding polymer films 
are powerful prospective systems 
for the creation of various 3D 
constructs with promising 
applications in biotechnology, 
medicine, microfluidics, 
photovoltaics. Moreover, they 
were recently proposed as an 
alternative method for the design 
of three-dimensional constructs. 
On the other hand, due to the 
novelty of the approach, there is a 
noticeable lack in the amount of 
data on the behavior of such 
systems in the literature. This 
study is bound to fill the gaps and 
give a deeper insight into the 
understanding of how and why 
different types of folding occur. 
In this study, four different 
types of folding of polymer 
Rectangles bilayers are presented. 
are one of the simplest 
geometrical forms and were 
therefore adopted as a convenient 
initial system for the 
investigation of the folding 
behavior of polymer bilayers. We 
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chose PNIPAM for the active polymer, as it is a well-studied polymer with 
sharp Lower Critical Transition Temperature at around 33 C. For the passive 
layer, poly(methyl methacrylate) and poly(caprolactone) were chosen. The 
influence of different parameters of the system, such as polymer thickness 
and temperature was thoroughly investigated in order to be accounted for in 
later experiments. It was demonstrated that bilayers placed on a substrate 
start to roll from the corners due to quicker diffusion of water. Rolling from 
the long-side starts later but dominates at high aspect ratio. We showed that 
the main reasons causing a variety of rolling scenarios are (i) non-
homogenous swelling due to slow diffusion of water in hydrogels and (ii) 
adhesion of polymer to a substrate until a certain threshold. Moreover, non-
homogenous swelling determines folding in the first moments, while adhesion 
plays a decisive role at later stages of folding. 
After having understood the abovementioned basics, we decided to 
explore how those applied to more complex shapes. For the purpose, four- and 
six-arm stars were chosen, the main idea behind this being the creation of 
self-folding polymer capsules capable of encapsulation of microparticles and 
cells. Adjusting the polymer thickness and thus the radius of folding allowed 
creating structures, capable of reversible self-folding and unfolding. The 
possibility to reversibly encapsulate and release objects in the micro-range 
was demonstrated on the example of yeast cells. 
Noteworthy, the capsules were produced by means of the same process 
we used for the design of tubes – when compared to the folding of rectangles, 
it was the shape of the initial pattern and the folding radius that were 
changed; the mechanism was the same – simple one-step folding towards the 
center of the bilayer. Clearly the number of structures that can be generated 
by this method is fairly limited. The search for means to overcome this 
constraint led to the idea of hierarchical multi-step folding. Due to the edge-
activation of the bilayers, the observed deformed shapes differ from the 
classical ones obtained by homogeneous activation. It was found that films 
could demonstrate several kinds of actuation behavior such as wrinkling, 
bending and folding that result in a variety of shapes. It was demonstrated 
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that one can introduce hinges into the folded structure by proper design of the 
bilayer's external shape through diffusion without having to use site selective 
deposition of active polymers. Experimental observations led us to derive four 
empirical rules: 
1) “Bilayer polymer films placed on a substrate start to fold from their 
periphery and the number of formed wrinkles/tubes decreases until the angle 
between adjacent wrinkles/tubes approaches 130°”;  
2) “After the wrinkles along the perimeter of the film form tubes, 
further folding proceeds along the lines connecting the vertexes of the folded 
film”;  
3) “The folding goes along the lines which are closer to the periphery of 
the films”;  
4) „Folding of the rays may result in blocking of the neighboring rays if 
the angle between the base of the folded ray and the shoulders of the 
neighboring rays is close to 180°”. 
These rules were then applied to direct the folding of edge-activated 
polymer bilayers through a concrete example - the design of a 3D pyramid. 
One consequence of the second and third rules is that generally 
triangles are formed during the multi-step folding process. In order to create 
a cube, or any other 3D structure with non-triangular sides, an effective way 
to stop the folding along the lines, connecting neighboring vertexes had to be 
thought of. A possible solution would be the insertion of a rigid element inside 
the bilayer, perpendicular to the direction of folding. The solution of this 
problem was to design structures with pores. A pore would normally decrease 
the rigidity of a structure but in our case, a pore basically comprised an edge 
inside the structure and could thus form tubes which, as was already shown, 
exhibit much higher rigidity than a film. On the other hand, a pore, or many 
pores, would expose different parts of the active layer to the solvent and 
would strongly influence its swelling and, as a consequence, folding behavior. 
Hence, the influence of a pore on the swelling and the folding behavior of 
polymer bilayers had to be investigated. It was shown that pores of the right 
form and dimensions did indeed hinder the folding as intended. Instead, the 
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polymer films took other ways to fold. As a result, despite the correctness of 
our reasoning, we failed to produce a cube by hierarchical folding of polymer 
bilayers. However, other sophisticated 3D objects were obtained, further 
increasing the arsenal of available structures, as well as giving an in-depth 
insight on the folding process. 
This work provides the basic fundamentals of folding continuous as 
well as porous bilayers. Both theoretical considerations and experimental 
results have shown the possibility to create sophisticated shapes, suitable for 
various applications in medicine in biotechnology. This work can thus be 
considered a step towards the design of innovative materials. 
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Motivation and Goals 
The design of complex three-dimensional objects in the micro- and 
nanorange is a challenging and yet highly important task, because such 
structures have attractive potential uses in numerous areas, including 
microelectronics1, 2, energy harvesting and storage photovoltaics3, 
microfluidics4, design of biomaterials5-8, drug delivery9, 10, sensors. 
Conventional micromachining is difficult to downscale, is time-consuming 
and thus inappropriate for addressing the issue11. 
There are two other general concepts for the creating of 
preprogrammed complex structures: self-assembly and self-folding12. In the 
self-assembly process many structural elements, or building blocks, are put 
together to form a larger, more sophisticated object (see Figure M1a). As one 
can imagine, the greater the number of building blocks, the more assembling 
possibilities exist. On one hand, many different structures can be designed by 
utilizing just few building blocks. On the other hand, by increasing the 
number of possible outcomes, the probability of obtaining exactly the required 
one decreases. In contrast, self-folding, the process of preprogrammed 
bending of a quasi-two-dimensional object into a three-dimensional one, offers 
a few, if not a single, final states but requires different pieces to be initially 
joined together (see Figure M1b). The reliability of the method has been used 
to produce numerous objects for cell-encapsulation13, drug-delivery10, 
microbots for use in medicine14, 15, cell manipulation16. 
 
Figure M1. Two types of self-assembly17 
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A great number of different approaches to realize self-folding are 
described in the literature, including shape-memory materials18 that 
irreversibly change their conformation when exposed to external stimulus; 
multilayer films that bend upon heating due to release of the internal stress 
of one of the layers19; soldering of building blocks by surface tension2, 7; and 
localized volume change (shrinking) induced by heating20. Most of these 
methods employ inorganic materials, which, even though they provide 
mechanical robustness and stability, are not always biocompatible due to 
their toxicity or hardness and are therefore not suitable for biomedical 
applications. Moreover, many of these processes lead to structures capable of 
only one-time folding or assembling. Many fields, however, require microtools 
with the ability to reversibly change their shape in response to external 
stimulus. Polymers, on the other hand, seem to possess many appealing 
properties, such as lightness and softness combined with reasonable 
mechanical stability. Furthermore, polymers and especially co-polymers grant 
the possibility to easily functionalize and modify the material to increase its 
biocompatibility and to give it certain desired properties, such as stimuli-
responsiveness.  As a result, numerous polymers, which can respond to a 
certain stimulus, have been synthesized. Such stimuli include light21, 
temperature22, 23, electric current24 and pH. Recently, the use of temperature-
responsive, self-folding polymer bilayers was suggested as an alternative 
approach for the design of different 3D objects5. The driving force of the 
process is the swelling of one of the layers (called the active layer), while the 
second layer (also called the passive layer) swells to a much lesser degree or 
doesn’t swell at all. As the two layers are conjugated, this inequality in 
swelling leads to bending of the polymer film. 
A common feature of self-folding polymer structures is their inability to 
naturally form hinges and sharp edges - a homogeneous bilayer forms 
rounded bodies upon swelling. If hinges or edges are required, sophisticated, 
expensive and time-consuming preparation methods like multi-step 
photolithography have to be employed.  
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In this work, two main goals were pursued. Firstly, to deepen the 
knowledge and understanding of the folding behavior of polymer bilayer 
films. Secondly, to explore the possibility of obtaining complex 3D constructs, 
based on self-folding polymer bilayers. Many works on self-folding systems 
report different and controversial bending scenarios. In this study we 
scrutinized the mechanism of folding of polymer bilayers in unprecedented 
depth. For this purpose, we started by considering simple geometrical forms, 
like squares and rectangles, and studying their swelling and folding nature. 
The influence of different parameters of the system, such as polymer 
thickness and temperature was thoroughly investigated in order to be 
accounted for in later experiments. Shape was then examined as a guiding 
factor for the manufacturing of sophisticated 3D assemblies. We also 
investigated the influence of holes of different size and shapes on the folding 
behavior of polymer bilayers, as it was expected that the introduction of holes 
in the polymer film could strongly influence the swelling scenario and should 
change the shape of the resulting structure. 
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Table of Abbreviations 
AA Acrylic acid 
AIBN N,N’-azobisisobutyronitrile 
BA 4-acryloyl benzophenone 
CSK Cytoskeleton 
CTF Cell traction force 
LCST Lower Critical Solution Temperature 
LT Light-trapping 
MMA Methyl methacrylate 
MTFs Muscular thin films 
NIPAM N-isopropylacrylamide 
OPL Optical path length 
PBS Phosphate Buffer Saline 
PCl Poly(caprolactone) 
PDMS Poly(dimethyl silocsane) 
PEGDMA Polye(ethylene glycol) dimethacrylate 
PEGMA Poly(ethylenglycol methacrylate) 
PHEMA Poly(2-hydroxyethyl methacrylate) 
PMAA Poly(methacrylic acid) 
PMMA Poly(methacryl methacrylate) 
PNIPAM Poly(N-isopropylacrylamide) 
PTFE Poly(tetrafluorethylene), Teflon 
PV Photovoltaic 
SEM Scanning Electron Microscope 
SMP Shape-memory polymer 
UV Ultraviolet 
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Table of Symbols 
aL Lattice constant 
as Lattice constant of a substrate 
C Circumference 
d Resolution 
D Diameter of folding 
d Activation depth 
E Elasticity modulus 
F Elastic force 
h Layer thickness 
L Length 
M Momentum 
NA Numerical aperture 
P Perimeter 
r Radius of curvature (by folding) 
Tg Glass-transition temperature 
W Width 
ε Film stress 
λ Wavelength 
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Theoretical 
Background 
The design of complex 3D 
architectures is a highly 
challenging task for the 
development of novel materials 
with improved optical properties, 
fabrication of tissue engineering 
scaffolds, as well as elements for 
micro- and nano-electronic devices. 
Nowadays, various methods for the 
construction of diverse three-
dimensional materials are 
available, which include two-
photon photolithography, 
interference lithography, 
molding25. Recently, a novel and 
very appealing method for the 
fabrication of 3D microobjects was 
proposed (called microorigami25, 26), 
which is based on the programmed 
folding of two-dimensional 
structures into 3D ones. One of the 
advantages of this approach is the 
possibility of quick, reversible and 
reproducible fabrication of 3D 
hollow objects with controlled 
chemical properties and 
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morphology of the both the outer and the inner side of the structure. The 
pioneering works in this field belong to Smella27 and Jager 14, who worked 
with self-folding films and, ultimately, demonstrated the folding and 
unfolding of patterned gold films with polypyrole hinges in a response to an 
electric signal. The group of Oliver Schmidt expanded the approach and 
focused on the design of semiconductor and metal oxide self-rolled tubes, 
further applying them to transport cells28, the investigation of the behaviour 
of cells in confinement 29, for nanooptics 30 and energy storage elements. 
Luchnikov et al designed self-rolling polymer tubes with patterned inner 
walls for cell encapsulation31, 32. Several approaches for the fabrication of 
metallic self-folding particles have been developed by Gracias et. al. 33 , who 
also demonstrated their applicability for the design of self-assembling 
microelectronic devices, controlled encapsulation of cells and drugs and as 
tissue engineering scaffolds1, 2, 8, 13. Moreover, metallic, self-folding thin films 
have also shown to be a promising material for optics 34 and photovoltaic 
power applications3. 
Wrinkling, Creasing and Folding - the Driving Principles of Self-
Structuring 
Self-structuring and self-organization are the driving principles of 
structure formation in nature. Therefore, they are of great interest due to 
their attractive implications in the design of novel intelligent materials35, 
36.One example of self-assembling materials are thin polymer films with 
gradients of properties12, 25.  
Due to an inhomogeneous expansion/shrinking of different parts, such 
films are able to spontaneously form complex structures by wrinkling, 
creasing and folding. Thus, they mimic the mechanisms of fruit growth, plant 
movement and development of animal organs. Both creasing and wrinkling 
represent a bifurcation from a state of homogeneous deformation and 
typically occur when the substrate cannot be deformed (Figure T1a,b). 
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Figure T 1. Different scenario of deformation of thin films: wrinkling, 
creasing and folding12 
Wrinkles, wherein the surface of the material undulates sinusoidally 
but remains locally smooth, involve a deviation from the homogeneous state 
by a field of strain that is infinitesimal in amplitude, but finite in space. 
Creases, in contrast, are localized folds that represent a deviation from the 
homogeneous state by a field of strain that is finite in amplitude, but 
infinitesimal in space.37 Folding or bending is, on the other hand, a 
macroscopic type of deformation that usually occurs when the passive layer is 
soft and deformable (Figure T1c). Utilization of these phenomena for the 
design of structured materials is highly attractive, as they allow a very 
simple fabrication of highly complex repetitive 2D and 3D patterns38-44. 
Fabrication of Wrinkled Surfaces  
Wrinkling and creasing may occur in two general cases of 
inhomogeneous films: the topmost layer either remains unchanged and the 
active layer shrinks45, 46, or the topmost layer swells to a greater extent than 
the bottom one 37, 47, 48 (Figure T2). The first scenario takes place when the 
film surface is photocrosslinked 45, 46 oxidized 49, 50 or another substance is 
deposited on top of it, usually by means of vapour deposition 51-53. The second 
case is observed, for example, during the swelling of a hydrogel with vertical 
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gradient of crosslinking density and is associated with greater expansion of 
the top layer relative to the bottom layer47, 48. 
 
Figure T 2. Two main approached for the generation of wrinkles and creases. 
Wrinkling and creasing occur when the film is inhomogeneous and the 
topmost layer either remains unchanged and the active layer shrinks or the 
topmost layer swells stronger than the bottom one. Examples of wrinkles  54 
and creases 47 
While the swelling mismatch is only one of the possible routes, another 
one would be the exploitation of the differences in thermal expansion of 
various materials55. Wrinkles can also be efficiently produced by a local 
deformation of free standing elastic membranes, which can be done using 
either a liquid drop or a needle56.  
Folding 
Folding, being of the same origin as wrinkling and creasing, represents 
an inhomogeneous change of volume. However, in contrast to wrinkling and 
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creasing, which are commonly observed when the passive layer is rigid and 
inflexible, folding occurs when the passive layer is soft (Figure T 1,c). As a 
matter of fact, all these processes are interconnected, yielding a partly free-
hanging film (having one part fixed on a rigid substrate) to undergo 
transition from wrinkling to folding. For small strain gradients, the film 
wrinkles, while for sufficiently large gradients, a phase transition from 
wrinkling to bending occurs.57 
Bending is an essential tool for the conversion of two-dimensional 
objects (films or layers) into 3D ones. Bending is typically observed as a result 
of either expansion or contraction of a material, caused by a change in the 
environmental conditions. However, a homogeneous expansion or contraction 
of an object in all directions preserves its shape and proportions. On the 
contrary, bending, as well as buckling and folding, is produced as a result of 
inhomogeneous expansion or shrinking, which occurs with different 
magnitudes in different directions. Similarly to buckling, which is a 
deformation of a film resulting in the appearance of regular wrinkles or 
irregular creases 42, 58-61, bending can be achieved by either applying field 
gradients to homogeneous materials or by applying non-gradient stimuli to 
inhomogeneous materials. An example of the first case is bending of a 
polyelectrolyte hydrogel in solution with a lateral gradient of pH, which 
builds up during electrolysis4. Examples of the second group are bending of 
liquid crystalline films 21, of hydrogels with lateral gradient in the monomer 
concentration 62, or of cantilever sensors63.  
Folding of bilayers 
In 1925, Timoshenko64 considered the bending of metal bilayers which 
consist of two metals with different thermal expansion coefficients. At that 
point he assumed that the bilayer could bend in only one direction, which 
would result in a bilayer with a uniform curvature, thus 
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,where Ex is the elasticity modulus of the layers, hx is the thickness of the 
layers, h is the total thickness (h = h1+h2), ε is the stress of the films, r is the 
radius of curvature. As equations 1-3 demonstrate, the radius of curvature is 
inversely proportional to the film stress. The radius of curvature first 
decreases and then increases with the increase of m. According to the 
equation, the radius of curvature is not very sensitive to the difference in 
stiffness between the two layers and is mainly controlled by the actuation 
strain and the layer thickness. The Timoshenko equation applies to a beam 
bending in only one direction and does not predict the direction of folding. 
Moreover, the Timoshenko equation is only applicable for elastic 
deformations.  
More recent models have considered complex bending of a bilayer in 
two dimensions. Mansfield, for instance, found analytical solutions for large 
deflections of circular 65 and elliptical 66 plates having lenticular cross 
sections with a temperature gradient through the thickness. For small 
gradients, the plates formed spherical caps, curved equally in all directions. 
At a critical gradient, a configuration with greater curvature in one direction 
became more favorable. Because of the lens-shaped thickness profile, even 
though the elliptical plate had a major axis it showed no preferred direction 
for bending even for large deflections. Freund determined the strain at which 
the spherical cap, formed by circular bilayer of uniform thickness, becomes 
unstable using low order polynomial solutions and finite element 
simulations.67  
Later Smela et al. showed that short-side rolling was preferred in the 
case of free homogeneous actuation and that this preference increased with 
aspect ratio (the ratio of length to width of a rectangular pattern)68. Li et al. 69 
and Schmidt70 experimentally demonstrated the opposite scenario, namely a 
preference for long-side rolling, in the case where bilayers are progressively 
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etched from a substrate. They observed that, when the tube circumference 
was much larger than the width (incomplete rolling) or the aspect ratio of the 
rectangle was high (long stripes), rolling always occurred from the long side. 
When the tube circumference was much smaller than the width (tubes rolled 
several times) and the aspect ratio of the membrane pattern was not very 
high (in the case of a nearly square film), the rolling resulted in a mixed yield 
of long- and short-side rolling, as well as a “dead-locked turnover” shape. 
Short-side rolling occurred at small aspect ratios when the deformed 
circumference is close to the width of the film. 
In inorganic self-rolling systems, the active component undergoes 
relatively small volume changes or actuation strains, which are nearly 
homogeneous over the whole sample. Hydrogels, however, demonstrate 
considerably different properties. Firstly, hydrogels are likely to undergo 
large volume changes (up to 10 times) upon swelling and contraction. 
Secondly, the swelling of a hydrogel is often kinetically limited: due to the 
slow diffusion of water through a hydrogel, the parts which are closer to the 
edges swell first, while the parts which are closer to the center of the film 
swell later. 
Recently Hayward and Santangelo investigated the folding of 
patterned rectangular strips divided into one high- and one low-swelling 
region, which can be characterized as a thick but narrow bilayer 71.  
 
Figure T3. Bending of a “classical” bilayer (a) and a rectangular strip, divided 
into one high- and one low-swelling region (b). 
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When swelled in an aqueous medium, it does not bend to the side of the 
low swelling component, as observed is the case of a “classical” bilayer 
structure (discussed by Timoshenko, see Figure T3a), but rolls into a three-
dimensional shape consisting of two nearly cylindrical regions connected by a 
transitional neck (Firgure 3b). 
As a rule, the swelling of hydrogels is a relatively slow process, limited 
by the diffusion of water inside the polymer network, leading to 
folding/bending of bilayers that can occur in seconds or minutes. Recently, 
Bunning et al demonstrated the possibility of very fast deformation (ca 1/300 
s) 72 on the example of liquid crystalline polymer films. 
Actuation Mechanisms. Self-Folding, Actuating Devices and Their 
Application 
Stress release 
Residual stress is often found in thin polymer and metal blends. It is 
built up during the deposition process due to drying (polymers) or the 
formation of lattice mismatches (metals, inorganic films). Gracias et al. used 
mixed polymer-metal systems, where two thin metal films, namely copper 
and chromium, are thermally evaporated on the surface of a polymer layer. 
Here, folding of the structures is triggered by the release of the intrinsic 
stress that develops during the thermal deposition of the metals. The 
mismatch in the coefficient of thermal expansion of Cu, Cr and the 
underlying polymer layer partly accounts for it, but it mostly results from the 
large intrinsic tension generated during the Cr film growth. At temperatures 
below its Tg, the polymer is hard enough to prevent the structure from 
folding. Heating it up leads to a decrease in its Young’s modulus, thus 
enabling on-demand folding when heated. This process is schematically 
shown on Figure T4. Here, the internal hinges between the frames drive the 
folding process19. 
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Figure T4. Illustration of the structure and folding mechanism of stress-
release driven actuating devices; a) top view of a model structure; black lines 
denote polymer hinges; b) side view of part of the model structure; different 
order of metal deposition results in different folding direction19. 
The Cu film provides stress mismatch with the Cr layer and enables 
the hinge to bend. Importantly, the position of the Cr layer determines the 
direction of folding. Placing it above the copper layer leads to upward folding, 
whereas depositing the Cr layer below results in bending in the opposite 
direction, i.e. the bilayer folds in the direction that reduces the lateral 
dimensions of the Cr layer (to relieve its residual tensile stress). The 
implementation of the process was shown on the examples of low-
temperature on-demand assembly of cubes, tetrahedrons and even more 
sophisticated polyhedra19. 
This method was further expanded by introducing two, instead of only 
one, polymers to different joints of the abovementioned microstructures. For 
this purpose, six-arm grippers with four joints per ray were produced. One of 
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the joints of each arm was covered with one type of a polymer, whereas all the 
others – with a different. As in the previous case, the polymer blend arrested 
the stress-release in the metal layer. 
Here, both polymers were natural biopolymers and were therefore 
attacked and degraded by enzymes. First, an enzyme specific for one of the 
polymers was added to the media, which led to its softening and the stress 
release resulted in folding of the microgripper. Joints covered with the second 
polymer, however, were not influenced by the enzyme and retained their 
innate strain. Moreover, these joints were designed in a way that, if the 
polymer softens and stress is released, bending would occur in an opposite to 
the bending direction. If an enzyme that gauges the second polymer was then 
added, the microgrippers opened (see Figure T5)73. 
 
Figure T5. Diagram of the folding-unfolding path of enzymatically triggered 
two-way microgripper73 
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Applications 
One of the most promising applications for stress-release based micro 
and nanostructures is the design of a new class of surgical instruments. In 
modern medicine there is an ever increasing trend towards miniaturization of 
the surgical devices. An emerging area of medical innovation involves the 
creation and utilization of tools that have no wires or tethers and are small 
enough to pass through various conduits in the body, such as the 
gastrointestinal tract, the reproductive or the circulatory system. The 
microgrippers, created by Gracias et al, represent an elegant approach 
towards the problem15. 
 
Figure T6. The microgripper is magnetically guided into a model blood vesicle 
(glass tube), then triggered to close and rip away a piece of blood clot15. 
Because of their size, the microgrippers can freely swim inside the 
colon or some of the bigger arteries and their trajectory can be controlled by 
applying a magnetic field. They are mechanically robust enough to perform 
small incisions on soft tissues, providing one with the possibility to perform 
biopsy74 or free blood vessels from clots75 without the need for large openings, 
thus advancing the minimally invasive techniques to a new level. Recently, 
the possibility to integrate self-folded microstructures with an RFID tag was 
demonstrated76-78, granting a precise control over their location in the human 
body. 
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Residual stress powered devices were also suggested as candidates for 
drug-delivery systems79.  
Lattice mismatch 
Folding due to lattice mismatch can also be classified as a stress-driven 
process. When a layer of material with a lattice constant aL is epitaxially 
grown on a substrate which has slightly different lattice constant as, 
accommodation of misfit along the interface is observed. If the misfit is small 
(≤5%) and the interfacial bonding is strong, then all misfit is eliminated by 
elastic strain until the thickness of the film reaches a critical value. When 
this critical thickness is exceeded, it is energetically favorable for the part of 
the misfit to be accommodated by interfacial or misfit dislocations. If the 
critical thickness is not reached, the layer remains under stress80, 81. This was 
first employed by Prinz et al to create self-rolling nanotubes on the example 
of InAs/GaAs bilayers82. The method is schematically illustrated on Figure 
T7. 
The interatomic forces in the bilayer increase the interatomic distance 
in the compressed InAs layer and decrease it in the tensile-stressed GaAs 
layer. Therefore, the elastic forces F1 and F2 are oppositely directed, which 
results in a non-zero moment of forces M that bends the layer and rolls it in a 
scroll. The diameter of folding depends on the 
value of the lattice mismatch Δa/a, as well as on 
the thickness h of the bilayers: 
        
The diameter of folding grows with the 
increase of the value of lattice mismatch and the 
thickness of the bilayer. Adjusting the lattice 
mismatch is a difficult task as one is forced to work 
with limited number of elements, whereas the 
thickness of the bilayer can be controlled with a 
precision down to the atomic scale. Self-rolled tubes 
 
Figure T73. Schematic of 
stress-release rolling of a 
InAs/GaAs bilayer. Each 
cell represents an atom. 
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with diameters ranging from 2 nm up to tens of microns have been produced 
with this method83-85. 
 
Applications 
The lattice mismatch approach was further developed by Schmidt et al 
to produce single- and double-rolled tubes based on various inorganic 
materials with manifold prospective applications. Self-rolled tubes based on 
inorganic materials sport sufficient mechanical stability to be incorporated 
into functional micro- and nanofluidic devices. They can serve as a model 
system to study the liquid behavior in round, smooth-walled, two dimensional 
confined, micro- and nanometer sized channels86. As the process of tube 
formation is based on the release of the material strain, the resulting 
structures are normally stress-free and are thus liable to improve the 
materials’ tolerance against stress cracking. This makes them promising 
candidates for increasing the stability of energy storage devices such as 
lithium ion batteries. It was shown that lithium ion batteries based on 
RuO2/C self-wound nanomembranes as electrode materials exhibit enhanced 
cycling performance due to elastic strain minimization, homogeneous 
distribution of the active material among the structure as well as the 
composite micro/ nanohierarchical structure83. The preparation of hybrid 
SiOx/Si microtubes that are thermally stable up to 850oC and serve as visible 
light emitters and ring resonators at the same time was demonstrated87. Self-
rolling of Au/Ti/InGaAs and Cr/GaAs/InGaAs layers into a multifold stack 
consisting of polycrystalline metal and single crystalline semiconductor 
represents a novel way of producing superlattices88 suitable for spintronics89 
and thermoelectric devices90. A very interesting utilization of the self-rolled 
microtubes is their use as self-propelled microjets91. In this particular design, 
the inner surface of the microtubes is covered with platinum. Platinum is a 
well-known catalyst that decomposes hydrogen peroxide into water and 
oxygen. Oxygen has only limited solubility in water and bubbles are formed 
inside the microtubes. As the bubble comes out, a reactive force acts upon the 
tube and propels it. 
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Figure T8. Different types of motion of the self-propelling microtubes. a) 
straight; b) zig-zag; c) circular; d-e) spiral. 
By varying the shape of the opening, the swimming behavior of the 
tubes can be controlled. Introducing Fe into the tube makes it sensitive to a 
magnetic field and gives full control over the propelling direction28. These 
tubes can be used as microcarriers for the transportation of particles, cells or 
as drug-delivery tools92. They are also able to penetrate and kill cells and 
could be possibly used for a targeted destruction of tumors and harmful 
microorganisms84, 85. 
Other prospective applications include, for example, the SiGe:B/ Si:B – 
based tubes, which can be used as thermoelectric gas sensors93, 94. The 
incorporation of ferromagnetic metals in the tubes’ structure allows a remote 
control of the structures by magnetic field. Ni-Fe based microtubes are 
promising candidates for single-probe sensors or can be used simply as 
micromixers95. 
Surface tension as the driving force of folding 
At microscale, surface tension plays a predominant role in the 
interaction between liquids and solids and greatly surpasses other forces like 
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gravity. For example, a thin liquid film on a lyophobic substrate will 
spontaneously break into spherical droplets; or, a thin solid film or a particle 
would float on the water-air interface. Surface forces are therefore a 
prominent and promising mean for fabrication at the micro- and nano-scales. 
Droplets spontaneously adopt spherical form because a sphere exhibits 
the largest volume-to-surface ratio of all geometric forms, thus providing the 
greatest minimization of the surface tension. The force exerted in the process 
can be put to use for bending of thin films and creating 3D objects. This was 
employed in the work of Baroud et al96. Here, a water drop was deposited on a 
sufficiently thin PDMS sheet of a certain geometric shape. The size of the 
water droplet was comparable with the lateral dimension of the PDMS sheet; 
its volume ranged from 1 to 80 µL. 
 
Figure T9. Folding of a thin PDMS film through surface forces. a) folding of a 
square film leads to the formation of tubes; b) triangular films result in a 
tetrahedron; c) the formation of near-spherical particles from a six-arm star; 
d) cube from a cross-like film96. 
As it was mentioned above, the PDMS sheet stayed on the water-air 
interfaces due to capillary forces. That initially led to bending of its corners to 
enclose the drop. The water was then allowed to evaporate and as its volume 
decreased, the surface tension pulled the sheet around smaller volumes, thus 
increasing their curvature. The film eventually formed a 3D shape that 
encapsulated the drop. Furthermore, controlling the PDMS film geometry 
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and thickness allowed to fabricate various 3D shapes – tubes, pyramids, 
spheres and cubes.96 
Applications 
A very promising application of surface tension regulated folding is the 
production of 3D electronic structures in the micrometer-to-millimeter range. 
This strategy was demonstrated for specifically designed millimeter-scale 
silicon objects, which were self-assembled into spherical and other 3D shapes, 
and integrated into fully functional light-trapping PV devices3. Spherical PV 
devices constructed from thin solar cells are particularly attractive, because 
they embed an intrinsic LT form factor97. 
 
Figure T10. Miniature self-folded solar cell. a) illustration of the folding 
process; b) the already folded microsolar cell with sold wires; c) close-up of the 
soldering area; d) A/V diagram for the microdevice97. 
Soldering-driven self-assembly 
Soldering is another approach that exploits surface tension to drive the 
self-assembly process. As it was already mentioned, two liquid droplets 
coalesce spontaneously when brought together. Gracias et al used that to 
create self-assembled microcontainers. Here, 2D metallic templates with 
solder hinges are produced by two-step photolithography. These templates 
further self-assembled into 3D hollow polyhedrons and surface tension of the 
molten solder provided the driving force for the process. When heated above 
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the melting point of the solder, the hinges liquefied and coalesced. Ultimately, 
as the solder wetted the surface of the templates, coalescence of the hinges 
drove the parts together98. 
 
Figure T11. a) series of images, representing the soldering driven folding 
process; left: an overview of the initial structure; middle: after heating; right: 
SEM image of the folded cube; b-d) different shapes obtained by soldering 
driven self-folding98. 
Furthermore, this method can be utilized for the fabrication of 
microcontainers with several geometrical shapes like cubes and pyramids 
with a yield in the range of 60 to 90%. 
Applications 
One field of applications of soldering-driven self-folding polymer thin 
films is the controlled encapsulation and release of drugs, particles and cells. 
Gracias et al demonstrated irreversible encapsulation of yeast cells inside 
self-folding SU8-PCl films upon heating above 60°C 99. Porous microscaled 
cubes were used for sampling of nanoparticles and cells based on their size in 
small microliter volumes of liquid 100. Porous structures were also used for an 
in vitro generation of 3D chemical patterns in stationary media for a variety 
of applications in chemistry2 and microbiology13. Self-folded objects with 
nanoporous walls and encapsulated cells were suggested as a prototype of 
artificial pancreas. Small molecules, such as glucose and dissolved oxygen, 
are able to pass through the pores while larger ones like antibody-proteins 
are sterically restricted from passing. This size-selective permeability of self-
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folded capsules bypasses the immune response – a highly demanded trait for 
organ and cells transplantation101. 
 
Figure T12. Examples of applications for soldering-driven self-folded devices. 
a-b) SEM image of a porous cube and LM image of the same cube, filled with 
cells13; c-d) patterned self-folded microcontainer for creating a controlled 
chemical environment102; e) microparticle encapsulated in a self-folded cube99; 
f) self-folded dodecahedron for encapsulation and transportation of cells and 
particles103; g) porous cube as a prototype for artificial pancreas101; h) 
patterned microcube with enhanced optical functionality104. 
Moreover, in biological applications patterns can function as chemical 
scaffolds for the study of important cellular functions in vitro102. Besides all 
the exciting biotechnological and medicinal perspectives these structures are 
apt to, they were also suggested as novel optical devices with split ring 
resonator patterns. It was shown, that a microcube with patterned sides 
sports an enhanced optical functionality104. 
Thermal actuation 
Shrinking 
A simple and cost-effective system was proposed by Dickey et al. They 
used commercially available thin polystyrene films, known as Shrinky-Dinks, 
to create various 3D objects by temperature-induced self-folding. 
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Figure T13. Examples of folding of differently patterned Shrinky-Dinks 
shapes20. 
Here, black hinges are printed on the surface of the polystyrene sheets 
by a desktop printer. The desired 2D shape was then manually cut off and 
illuminated with visible light. The polymer directly underneath the ink 
heated rapidly to exceed the glass transition temperature. As a result, the 
hinged regions relaxed and bent the sheet. The direction of folding (towards 
the light source or away from it) could be controlled by patterning either the 
top or the bottom side of the sheet, respectively20. 
Expansion 
It has been known for more than a century that a bilayer, consisting of 
materials with different coefficients of thermal expansion bends when the 
temperature is changed. This phenomenon has been ever since vastly 
employed in the design of thermal switches. The mechanism is thoroughly 
described in the previous chapter (see “Folding of bilayers”). 
Applications 
Kalaitzidou demonstrated reversible adsorption-desorption of 
fluorescently labelled polyethyleneglycol inside PDMS-gold tubes at 60-
70°C105. Recently, the thermal expansion of polymers was used to create a 
walking silicon microrobot. The actuation here is based on the thermal 
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expansion of polyimide deposited in V-shaped grooves etched in silicon with 
integrated heaters. 
Shape Memory Polymers (SMPs) 
The scientific community has paid a lot of attention to shape-memory 
polymers (SMPs) over the last decade, making them an important class of 
actively moving materials. For instance, SMPs are capable of changing their 
shape in a predefined way upon the application of an external stimulus. 
There are numerous SMP-based systems described in literature, varying both 
in their chemical composition as well as the stimulus they are sensitive to. 
The common conventional SMP systems include cross-linked polyethylene 
and Pe/nylon6 graft copolymers, styrene-based polymers, acrylate-based 
polymers, polynorbornene, epoxy-based polymers, thio-ene-based polymers. 
SMPs have been reported to be thermal-induced, light-induced, electro-active, 
water/moisture/solvent induced, pH sensitive and magnetic sensitive, based 
on their triggering stimulus. Nevertheless, ss diverse as SMPs are in terms of 
composition and functionality, they all are based, or can be described by, a 
relatively simple 3D architecture proposed by Hu and Chen106. 
In this model, SMPs consist of a switch unit and net-points. The net-
points determine the permanent shape and are formed by chemical or 
physical cross-links with an interpenetrated or interlocked supramolecular 
complex. The switch unit is responsible for controlling the shape fixity and 
recovery upon a specific and predetermined external stimulus. The driving 
force for strain recovery in SMPs is the entropic elasticity of the polymer 
network. 
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Figure T14. Illustration of possible basic building elements of SMPs106. 
Additionally, the shape memory capability requires the deformation of 
the material into a temporary shape by application of external stress before. 
In most cases the stimulus, which is required for the actuation of the SMP 
system, needs to be applied during programming as well. Termination of the 
stimulus fixes the temporary shapes. When the stimulus is applied again, the 
SMP reverses the pre-defined pathway applied during the programming. 
Applications 
From all the stimuli-responsive actuating systems, SMPs are probably 
the most widely utilized material for construction of different devices for 
biomedical needs18, 107,  building of mechanical tools18, development of self-
healing materials108 and textile industry106, 109. Some polymers are highly 
biocompatible, which makes them a perfect fabric for medical appliances. 
Employing this property, Jung and Cho reported their work on orthodontic 
wires made of shape-memory polyurethanes admixed with PCl, as an 
alternative to the standard metallic ones. The SMP orthodontic wires 
possessed many advantages, such as low density, high shape recovery, easy 
processing, transparency and aesthetic appearance110. Furthermore, 
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Rousseau et al invented SMP-based medical casts. The low density of 
polymers, their X-ray transparency, low cost and ease of processing provides 
obvious advantages compared to the traditional gypsum casts. SMP foams 
exhibit high shape recovery ratio and compression ability (up to 90%) and can 
be potentially used for micro-foldable vehicles, micro-tags and hearing aids110-
112. Present-day deployable dialysis needles, coils and neuronal electrodes are 
also made of SMPs113, 114. Apart from medicine, the most well-known function 
of SMPs is as packaging materials. 
Polymers integrated with bio-actuators 
In order to move, cells have to exert a special kind of force, called the 
cell traction force (CTF), through surface receptors bound to extracellular 
matrix molecules coupled to rigid structures within the cell. This force is 
generated by actomyosin and actin polymerization and is directed toward the 
center of the cell body. Force can be generated because of the ability of 
adhesion receptors, such as integrins, to bind simultaneously to matrix 
components through their extracellular domains, and to the cytoskeleton 
(CSK) through their cytoplasmic domains. In this way, the adhesion receptors 
transmit the mechanical tension generated in the CSK to the cell’s 
environment. Depending on the rigidity of the interaction substrate, this force 
can result either in cell movement, or it can deform the substrate. For 
example, PDMS micropillars sport a low enough stiffness for the traction 
force of a cell to bend them, and arrays of posts were used to investigate the 
contractile forces in smooth muscle cells and fibroblasts115. The CTF is 
normally in the range of nanonewtons116 and can thus be employed for 
manipulation of microobjects. This was only recently realized by Takeuchi et 
al. They used the CTF to fold 2D microstructures by patterning cells across 
microplates and then detaching the microplates from the glass substrate117. 
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Figure T45. (A) The cells adhere and stretch across two microplates, and 
CTFs are generated toward the center of the cell body. Green and blue colors 
show actin and nucleus, respectively. (B and C) Schematic image of the cell 
origami: (B) the cells are cultured on micro-fabricated parylene microplates. 
The plates are self-folded by CTF. (C) Various 3D cell-laden microstructures 
can be produced by changing the geometry of the plates117. 
First, cells are cultured on the microplates. After the cells are 
patterned, they stretch across two microplates by extending their filopodia, 
thus connecting them, and CTFs are generated toward the center of the cell 
body. Since the CTF acts only on the upper surfaces of the plates, a rotational 
movement is generated ot the contacted upper edge of the microplate, lifting 
it off from the glass substrate. Noteworthy, CTFs exerted by multiple cells 
that contact with each other are directed centripetally at the cells’ periphery, 
and no large traction stresses are executed under sites of cell-cell contact. 
Several factors govern the folding process, namely the distance between the 
microplates, the thickness of the sacrificial layer, the number of cells and the 
stiffness of the joint between the microplates. 
The CTF vector always faces the center of the cell, i.e. the direction of 
the force is independent of the cell’s position and orientation. Some cells, e.g. 
muscle cells, are capable of exerting force in a specific direction. Muscle cells 
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contain protein filaments that slide past one another, producing a contraction 
that changes both the length and the shape of the cell. Muscles function to 
produce force and enable living organisms to move. The muscle-driven 
locomotion has served as an inspiration for the design of numerous machines 
and devices, where the role of the muscle is overtaken by a motor, and fibers 
serve as tendons. On the other hand, a different approach was introduced by 
Parker et al118. Instead of trying to mimic muscle functionality through 
complex machinery, they integrated myocardial tissue with polymeric thin 
films to create self-folding and moving structures. In their approach, 
cardiomyocytes were seeded onto a PDMS layer and the desired shapes were 
manually cut by scalpel. Bending or folding of the cut-off pieces occurred due 
to the contraction of the myocytes during the systole. By varying the 
thickness of the PDMS layer and the orientation of the muscle fibers, 
different folding scenarios were observed. The thickness of the PDMS layer 
had a strong influence on the form of the film during diastole. Because the 
elastic modulus of PDMS is much greater than that for cardiomyocytes (1.5 
MPa versus 30 kPa), the stiffness of the muscular thin films (MTFs) was 
dominated by the polymer.  
 
Figure T16. Folding of flat (a and c) and convex ( e )PDMS strips with 
differently oriented muscle cells118. 
MTFs thicker than 25 µm remained planar during diastole, while 
thinner films adopted a curved conformation as soon as they were released 
from the substrate, thus defining two possible modes of systolic bending, 
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flexion, or extension. Whether the cells were on the convex or concave surface 
was controlled by the curing temperature of the PDMS. 
When MTFs with myocardin on the concave surface contracted, the 
radius of film curvature decreased, bending the film further out of plane. In 
this configuration, the MTF changed between a loosely rolled state during the 
diastole to a tightly rolled state during the systole. If the cardiomyocytes were 
placed on the convex surface, the radius of film curvature increased during 
contraction, bending the film back in plane (extension). Moreover, the 
direction of folding was governed by the alignment of the cardiomyocytes on 
the surface of the MTFs. Alignment along one of the sides of the rectangle 
films lead to folding in a perpendicular direction and thus tubes were formed 
(Figure T16a). Orienting the fibers 5° to 15° degrees off-axis resulted in a 
spiral-like folding, creating the structures on Figure T16b. 
Applications 
One of the obvious applications for the bio-integrated polymer films is 
the design of self-folding structures for cell culturing and tissue engineering. 
Furthermore, because cells are necessary for the folding process, the final 
structures are already cell laden and no complicated and potentially 
destructive loading techniques are required. 
Additionally, soft robotic gripper and a myopod capable of autonomous 
or remote-controlled walking were created by integrating muscle cells with 
PDMS thin films (Figure T16c).118 
Swelling 
Basics. Swelling in nature 
Swelling is an imprescriptible part of the dissolution process of 
polymers. The swelling of a polymer can wield pressures as high as several 
MPa and a significant amount of force can be exerted during the process. 
Swelling can thus cause major problems in some industrial facilities, e.g. 
during grain storage. It was shown that the swelling pressure of an air-dried 
corn seed can be as large as 4000 bars, making it a potential (and practical, if 
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no preventative measures are taken) threat for the storage facilities119. On 
the other hand, swelling is a major course of movement in the plant kingdom. 
Plants lack muscles and the only way for them to change their position in 
space in a reasonably short time is by swelling (or drying) induced motion. 
The pine cone is a well-known natural actuator consisting of a central stiff 
rod and a number of scales starting from it. These scales hold and protect the 
seeds until they are ready to be released. Each scale consists of two types of 
tissues, one represented by cells with cellulose microfibrils, aligned parallel to 
the long side of the scale and the other - with perpendicularly placed ones. 
Upon drying the interfacial matrix between the fibers shrinks on the lower 
half of the scales. The presence of fibers leads to anisotropic contraction, 
which is hindered by the stiffer surrounding tissue, thus leading to a bending 
of the scales. Similar mechanism, which is also based on bilayer structure, is 
used by Aizoaceae to protect seeds against drought and to release them when 
the humidity is appropriate for them to grow. 120 The folding and unfolding in 
both cases are relatively slow and occurs typically on the scale from several 
minutes to hours. However, despite the wide-spread belief that plants are 
only capable of slow motion, the folding of the Venus Flytrap (Figure 
T17,right) proves the contrary, as it is much quicker. 
 
Figure T17. Examples of folding systems in nature: A sketch of actuation of 
scales in a pine cone upon drying and wetting  (left)121. Snap-through of the 
Venus flytrap leaves from concave to convex occurs through the onset of an 
elastic instability of the films (right)122. 
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With the plant closing its “jaws” in less than 100 ms, it is one of the 
fastest movements in the plant kingdom123, 124. In “open” state the leaves are 
doubly curved. Upon stimulation, the plant ‘actively’ changes one of its 
principal natural curvatures by hydration that results in snapping and 
closing of the “jaws”. Similar mechanism is employed in the reflective pop 
bands for cyclers. Therefore, swelling can result in both slow and fast 
motions. As a consequence, swelling was proposed for the design of self-
folding and actively-moving macro- and micro-devices. 
Swelling-based folding 
The folding mechanism in swelling-based structures somewhat 
resembles the bending of a bimetal film. In both cases, there are parts of the 
structure that expand to a greater degree than the rest of it, thus causing 
bending and folding. In contrast to metals, however, the swelling of polymers 
normally produces significant volume changes (up to 10 times), while the 
thermal expansion of metals barely reaches several percent31. Moreover, the 
swelling degree of a polymer can easily be tuned by means of simple chemical 
modification, producing a control of the thickness of the final structure unmet 
in other systems32. 
Stimuli-responsive self-folding films 
Chemical modification of polymers enables one to have a precise control 
over the degree of swelling, but it also grants a command over their stimuli-
responsiveness. The use of polymers that are sensitive to different signals 
allows the design of self-folding films upon immersion in solvent, change of 
pH, temperature, electric or biochemical signals. 
pH-responsive 
Self-folding films sensitive to pH are commonly designed using weak 
polyelectrolytes as active polymers 60, 125-132.  It was demonstrated that 
polystyrene-poly(4-vinyl pyridine) bilayer 125 as well as polystyrene-poly(4-
vinylpyridine)-polydimethylsiloxane trilayer 126 are able to roll at low pH 
when poly(4-vinylpyridine) is protonated and swells in water. The use of 
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layers with a two-dimensional gradient of thickness allows thorough 
investigation of the folding process127. It was found that the rate of rolling 
increased with the acidity of the solution. Tube diameter and rate of rolling 
decreased with the increase of the UV exposure time. Moreover, an increase 
in the thickness of PS resulted in an increase of the tube diameter.  
Lee et al. used pH sensitive poly(methacrylic acid) - poly(2-
hydroxyethyl methacrylate) 128 and PMAA/ PEGDMA 129 patterned bilayer 
which folds when in contact with biological fluids. It was not shown that the 
folding depended on pH; however, the systems were expected to respond to 
the pH signal since a weak polyelectrolyte (PMAA) was used. Gracias et al. 
fabricated millimeter large polyethylene glycol / poly-(N-isopropylacrylamide 
– acrylic acid) bilayers which were able to snap in response to the pH 
signal130. Moreover, one can also expect that this system is thermoresponsive. 
Huck et al. reported pH-responsive gold-poly(methacryloxyethyl 
trimethylammonium chloride) brush patterned films which fold in response to 
changes in pH and salt concentration 131. Very recently, Yang et al. 
demonstrated folding of pH-responsive poly(2-hydroxyethyl methacrylate-co-
acrylic acid)/ poly(2-hydroxyethyl methacrylate) bilayers 10. 
Thermoresponsive 
Thermoresponsive self-folding films can be designed using continuous 
thermal expansion, melting, shape-memory transition or polymers which 
demonstrate LCST (Lower Critical Solution Temperature) behavior in 
solutions. Kalaitzidou et al. used continuous volume expansion with 
temperature and demonstrated thermoresponsive rolling-unrolling of 
polydimethylsiloxane - gold bilayer tubes at 60°C- 70°C 105, 133, which was due 
to different temperature expansion coefficients.  
Gracias et al. used melting of a polymer, which then formed a droplet 
and forced patterned polymer films to fold. This was demonstrated on the 
example of patterned SU-8 photoresist - polycaprolactone film, which 
irreversibly folds at 60°C 134 due to the melting of PCl. In order to reduce the 
transition temperature and make the film more suitable for bio-related 
applications, Gracais et al. used photoresist hinges which are sensitive to 
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temperature around 40°C 7, 15, 19. The metal-polymer grippers irreversibly 
folded in response to temperature as well.  
Lendlein et al. demonstrated new possibilities to design 
thermoresponsive macroscopic self-folding objects using shape-memory 
polymers based on different PCls18. At low temperatures, the structures are 
in a temporary shape. The films recover their permanent shape and 
irreversibly fold when heated, which could be accompanied by a change in 
transparency. The exact size of the self-folding film as well as transition 
temperature was not given. 
Polymer bilayers, where thermoresponsive poly-(N-
isopropylacrylamide)-based copolymers are the active component, are more 
suitable for encapsulation of cells. In aqueous media, PNIPAM-based 
hydrogels reversibly swell and shrink below and above 33 °C. Moreover, the 
temperature of transition between swollen and shrunk states can be tuned by 
a proper selection of the composition of the copolymer. As a result, PNIPAM-
PCl patterned bilayers fold and unfold, forming tubes of capsules below and 
above this temperature, respectively. 5, 135 
Solvent responsive 
In most cases, solvent-responsive self-folding films fold upon immersion 
in aqueous media. Such films contain water-swellable uncharged polymers. 
Lee fabricated partially biodegradable polyvinyl alcohol-chitosan9  and 
chitosan-poly(PEGMA-co-PEGDMA) bilayers 129  which folded in water due to 
swelling of polyvinyl alcohol and polyethyleneglycol, respectively. Jeong and 
Jang et al. developed an approach for the fabrication of millimeter size self-
folding objects that are able to fold and form different 3D objects, such as 
tubes, cubes, pyramids and helixes 136. For these purposes, water-swellable 
polydimethylsiloxane- polyurethane/2-hydroxyethyl methacrylate complex 
bilayers and patterned films were used. Since poly(vinyl alcohol), 
polyethyleneglycol and poly (2-hydroxyethyl methacrylate) and are not 
polyelectrolytes, swelling is expected to be independent from pH changes of 
the aqueous media. Thus, these systems immediately fold upon immersion in 
aqueous media that hampers loading of cells. Huck reported an example 
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system that folds in methanol. This system was based on  poly(glycidyl 
methacrylate) brush layer grafted to gold patterned films 131.  
Light-responsive 
Light-responsive self-folding polymer films have been designed from 
thermoresponsive polymers with incorporated particles, which convert light 
into heat 20, 137. Light-to-heat converting substance could be carbon nanotubes 
or any other black material. For instance, poly(N-isopropylacrylamide) 
hydrogel and pre-stressed polystyrene sheets (Shrinky-Dinks) were used as 
thermoresponsive components. The first system is active in aqueous medium, 
while the second one is capable of folding in both air and water. 
Other systems 
Except for pH-, thermo- and solvent-responsive systems, there are also 
several examples of systems, which fold in response to other stimuli such as 
presence of enzymes or applied electric field. Smella27 and Jager 14 et al., who 
first introduced the self-folding films, demonstrated folding and unfolding of a 
patterned gold film with polypyrole hinges in a response to an electric signal. 
As discussed previously, Whilesides et al. fabricated electro-responsive self-
folding bilayers, which consisted of poly(dimethylsiloxane) with aligned 
cardiomyocytes 118. The polymer-cell film adopted functional three-
dimensional conformations when an electric signal was applied. Along with 
that, these centimeter-scale constructs can perform functions as diverse as 
gripping, pumping, walking, and swimming with fine spatial and temporal 
control. 
As it was already mentioned, enzyme-sensitive self-folding films were 
developed for the first time by Gracias et al. The approach is based on the use 
of self-folding metallic grippers with active polymer hinges, which are 
sensitive to the presence of enzymes 73. Two kinds of biodegradable polymers 
were used. The gripper, which is unfolded in its initial state, folds when the 
first polymer is degraded due to the addition of the first enzyme. The gripper 
unfolds when the second enzyme is added and the second polymer is 
degraded. As a result, a full circle of folding and unfolding is achieved. 
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Fabrication of Polymer Films 
Overall, there are two main approaches which utilize swelling as a 
driving force for the design of self-folding polymer films. One of them 
comprises structures which fold and bend in a prescribed manner due to their 
intrinsic inhomogeneities like hinges or an inherent chemical gradient. On 
the other hand, the second approach is based on homogeneous hinge-free 
polymer-polymer or polymer-metal bilayers. In either way, folding occurs due 
to the difference in swelling of particular sections of the structures. Therefore, 
the swelling-based actuation methods can be classified in two major groups: 
non-homogeneous and homogeneous. Obviously, the fabrication processes for 
those two methods have to be quite different, as they are bound to introduce 
fundamentally different properties in the films. 
Non-homogeneous swelling 
Non-homogeneous swelling is described by a gradient in the solvent 
concentration in the bulk of the material after completion of the swelling 
process. Non-homogeneous swelling results in different volume changes in the 
structures and can therefore be used to execute bending and folding. 
As non-trivial the task of creating a layer with controlled 
inhomogeneity might seem, as a matter of fact, there exist plenty of methods 
to achieve that. Below, some of the most employed techniques are explained 
in details. 
Grayscale photolithography 
In its most basic implementation, the grayscale photolithography 
technique includes a series of photo-masks that are used in a certain 
sequence to define discrete regions of the film, each of them having a different 
homogeneous level of expansion. 
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Figure T 18. Schematic illustration of the grayscale photolithography 
process138. 
The process is schematically shown on Figure T18. A silicon substrate 
covered with a 100 nm thick sacrificial layer (blue) is coated with an 8–17 mm 
thick film of a photo-crosslinkable temperature-responsive copolymer. The 
film is then exposed to UV light through two aligned photomasks in sequence, 
yielding variations in the degree of crosslinking and therefore the degree of 
swelling (indicated by different shades of green). After crosslinking, the film 
is developed with a marginal solvent to dissolve uncrosslinked regions, and 
the patterned polymer film is released upon immersion in an aqueous 
medium71. Moreover, parts with different degrees of crosslinking express 
individual intensity of swelling: the lower the degree of crosslinking, the 
stronger the hydrogel expands. Additionally, objects with multiple hinges and 
plates can be patterned by grayscale photolithography, further increasing the 
arsenal of attainable structures. 
Differential crosslinking 
The idea of differential crosslinking somewhat resembles the notion of 
grayscale photolithography. Here, a gradient in the degree of crosslinking of 
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the polymer film is also created through controlled illumination. In contrast 
to grayscale photolithography, this gradient is generated throughout the 
depth of the film, while preserving homogeneity in the planar dimensions. 
The self-folding ability of such structures was shown on the example of 
differentially crosslinked star-like patterns139. For instance, heterogeneous 
SU-8 films with crosslink gradients along their thickness were created by 
acid-initiated cationic polymerization. The extent of crosslinking within the 
SU-8 film was varied by controlling the magnitude of ultraviolet exposure 
energy140-142. 
 
Figure T19. An illustration of the differential crossliknking process (a) and its 
bending mechanism (b and c)140. 
After exposure and baking, the photopatterned films were developed, 
released from the substrate, and soaked in organic solvents such as acetone to 
condition the films and generate a stress gradient for self-assembly. The 
conditioning step removed residual uncrosslinked material. As a result, these 
differentially photo-crosslinked and acetone-conditioned SU-8 films then 
spontaneously and reversibly curved on de-solvation by drying or the addition 
of water, and flattened when re-solvated by organic solvents. 
Concentration gradient 
Amongst all hither described methods for achieving a non-
homogeneous swelling in a polymer film, the construction of hydrogels with 
internal lateral gradients in the monomer concentration is probably the most 
experimentally sophisticated technique. It was realized by Sharon et al on the 
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example of circular and cylindrical PNIPAM hydrogels62. For this purpose, 
programmable actuated valves were used to inject solutions with gradients in 
monomer concentration into a mold (Hele-Shaw cell). The reaction 
parameters were controlled in a way that polymerization took place in less 
than a minute, freezing the imposed gradients within the gel. Consequently, 
the constructed sheets were flat below 33oC (33oC is the LCST of PNIPAM) 
but were programmed to shrink differentially upon activation at higher 
temperatures. 
Thickness gradient 
In contrast to the concentration gradient, it is relatively easy and 
straightforward to create a thickness gradient in a polymer film. Jeong et al 
achieved that by simply conducting polymerization on a tilted substrate143. 
The folding ability of the prepared structures was checked on the example of 
PDMS-polyurethane/PHEMA system. Different solvents, such as hexane, 
acetic acid and ethyl acetate, were used for this purpose. PDMS doesn’t swell 
in these solvents, whereas the polyurethane/PHEMA layer does, which leads 
to bending and folding of the bilayers. Hence, non-homogeneous folding in the 
prepared structures occurred due to the difference in the thickness ratio of 
the two polymers. 
Localized solvent deposition 
All of the above mentioned techniques make implement of structures 
with intrinsic, predetermined during preparation, inhomogeneities, which 
fold in a sophisticated manner when fully immersed in an appropriate 
solvent, i.e. in a homogeneous medium. On the contrary, Holmes et al took 
another path. In his work, non-homogeneous swelling was induced through 
localized exposure of PDMS films (slender beams and thin circles) to a 
favorable solvent. Despite the fact that curving and bending of the films was 
demonstrated, no real 3D forms were obtained by this method144. 
Homogeneous swelling 
Homogeneous swelling denotes that at the end of the process the 
solvent concentration in the bulk material is uniform. If a piece of polymer of 
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any given shape undergoes homogeneous swelling, no bending or shape 
change will take place, as the expansion of the material is equal in all 
directions. For folding to occur, inhomogeneity has to be introduced along at 
least one swelling vector. This is done by introducing covalently bound non-
swelling parts or layers to the structure, e.g. a metal or a polymer with 
different lyophilicity. This non-swelling layer restricts the expansion of the 
polymer and creates appropriate conditions for wrinkling, creasing and 
folding to occur. 
Experimentally, polymer films with different shapes can be obtained 
either by cutting 105, 125, 133, using microwell-like substrates 9, 128, 129, 
photolithography 5, 103, 130, 135, or by grafting63, 131. Cutting is a straightforward 
method that allows fabrication of millimeter-sized structures. Therefore, the 
main advantage of this method is its simplicity and applicability to almost all 
combinations of polymers. On the other hand, the use of microwell-like 
substrates is technically more complicated but it grants greater variety in 
terms of complexity of the design and downscaling of the composites. Further, 
photolithography of bilayers allows for large-scale fabrication of self-folding 
objects of different shape and size starting from several microns. In contrast, 
surface grafting comprises the advantage that all polymer chains are 
covalently bound to the substrate during preparation and no further 
crosslinking is necessary. 
Cutting 
The process of cutting, whether performed manually or by means of 
machines, is self-explanatory and won’t be discussed in this work. A 
noteworthy example is, probably, the very recently demonstrated by 
Luchnikov et al. method for upscaling the fabrication of self-folding films by 
merely scratching polymer bilayers with an array of metallic blades 145, which 
can be considered a kind of cutting. 
Photolithography 
Photolithography is one of the most readily employed microfabrication 
techniques and is used to create patterns into a material. The 
photolithographic process consists of a number of steps in which a desired 
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pattern is generated on the surface of a substrate through exposure of regions 
of a light-sensitive material to ultraviolet (UV) light. Figure T20 summarizes 
the main steps followed in photolithography. In the first step, a substrate 
material, such as silicone or glass, is coated with a layer of a photoresist, or 
light-sensitive polymer. 
 
Figure T20. An illustration of negative (left) and positive (right) 
photolithography146 
A photomask, made by patterning with an opaque material the desired 
shape on a glass dish or other transparent material, is placed on top of the 
substrate and photoresist. This assembly is then irradiated with UV light, 
thus exposing the sections of the photoresist not covered by the opaque 
regions of the photomask. Depending on the type of photoresist utilized, the 
photoresist polymer will undergo one of two possible transformations upon 
exposure to light. When light illuminates a positive photoresist, the exposed 
regions break down and become more soluble in a developing solution. As a 
result, the exposed photoresist can be removed when in contact with the 
developing solution. A negative photoresist, on the other hand, becomes cross-
linked upon exposure to light, thus becoming insoluble in the developing 
solution. Consequently, upon contact with the developing solution, only the 
parts not exposed to light will be removed146, 147. 
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Therefore, photolithography can be used for the fabrication of 
patterned polymer films. This procedure, however, requires mask alignment 
and several steps of photolithography.  On the other hand, it yields the 
broadest range of self-folding objects. 
Microwell technology 
The process of microwell preparation of polymer structures combines 
microtransfer molding148, discontinuous dewetting9, 149, and sacrificial layer 
methods. Microtransfer molding is performed by filling microwells on a 
PDMS mold with a liquid precursor, pressing the mold against the substrate, 
and solidifying the precursor. This method is often plagued with a thin 
residual film between the produced microfeatures. Furthermore, 
discontinuous dewetting is a technique used for filling a large number of 
microwells with a non-wetting liquid via the dewetting process of the liquid 
from the surface bearing the microwells. Using this technique, a liquid 
polymer precursor can be filled in the microwells but not around the 
surrounding area on a PDMS stamp. Additionally, to produce bilayer 
structures, two different liquid precursors can be filled and cross-linked in 
microwells129. 
Surface polymerization 
Another widely used technique for the preparation of thin polymer 
films on a surface is the grafting method.  The most common grafting 
methods are “grafting to” and “grafting from”150. The ‘‘grafting from’’ 
technique involves polymerization that is initiated at the substrate surface by 
attached (usually covalently bonded) initiating groups. In contrast, the 
‘‘grafting to’’ technique involves a reaction of (end-)functionalized polymer 
molecules with complementary functional groups located on the surface, 
resulting in the formation of tethered chains151. 
Employing this approach, microcontact printing followed by brush 
growth (‘‘grafting from’’), crosslinking, and substrate etching was used for the 
preparation of polymer-covered thin Au microstructures131, 152. Depending on 
their shape and layer thickness, the composites were shown to form various 
3D constructions under appropriate stimulus. 
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Applications 
The broad applicability of polymer-based self-folding films in biological, 
biomedical and medical research and practice is mainly based on the easiness 
to tune their properties. Polymers are readily modified by simple chemical 
reactions to gain traits like biocompatibility, softness, the ability to respond 
to external stimuli. Therefore, there are plenty of reports describing the 
fabrication of self-folding films with different responsive properties. For 
example, there are pH-responsive systems based on polyelecrolytes10, 60, 125, 128-
132, 153, 154; thermo-responsive based on gradient of thermal expansion 105, 133, 
melting of a polymer 99 7, 15, 19, or on thermo-responsive polymers  5, 135; 
solvent-responsive 129, 131, 143, 144; triggered by electric signal 27 14 118 or 
enzymes 73; light-sensitive based on light-to-heat conversion 137. 
Recently, biodegradable self-folding films made of commercially 
available biodegradable polymers have been extensively used to encapsulate 
cells (Figure T21b) 6. 
 
Figure T 21. Examples of applications of self-folding polymer films:, (a) –self-
folded cube, produced by grayscale photolithography  (b) - yeast cells 
encapsulation inside a fully biodegradable self-rolled film6, (d) – self-folded 
microstar for drug-encapsulation, (e) - smart plasters which direct diffusion of 
drugs and prevent their leakage128,  (c) and (f) - 3D mirofludic devices139. 
Self-folding films can also be used as smart plasters (Figure T21e). Lee 
demonstrated this concept on the example of a millimeter size poly(methyl 
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methacrylate) - poly(2-hydroxyethyl methacrylate) bilayer with attached 
mucoadhesive drug layer. The non-swelling PHEMA layer serves as a 
diffusion barrier, minimizing any drug leakage in the intestine. The resulting 
unidirectional release provides improved drug transport through the mucosal 
epithelium. The functionality of this device was successfully demonstrated in 
vitro in a porcine small intestine128. 
There are several non-biorelated examples of application of self-folding 
polymer films. Deposition of a patterned metal on the polymer bilayer allowed 
fabrication of self-rolled tubes with a patterned conductive inner wall. 125 In 
another example, pyrolysis of a poly(styrene)-poly(4 vinyl pyridine)-
poly(dimethylsiloxane) trilayer153 were used for fabrication of silica tubes. 
Gracias et al used self-folding polymer films to fabricate curved self-
assembled microfluidic networks139. 
Complex Shapes 
As a matter of fact, the shape of a formed 3D object depends on the 2D 
shape of the polymer films. The simplest case of a self-folded object is a tube, 
formed from a rectangular bilayer (Figure T22a) 5, 9, 105, 125, 128, 129, 133. 
Envelope-like capsules with rounded corners or nearly spherical ones are 
formed from star-like polymer bilayers with four and six arms, respectively 
(Figure T22b,c) 9, 129. Helixes of different kinds are formed from polymer 
stripes with a gradually changing thickness ratio between the polymers136. In 
these examples, simple rounded figures based on different combinations of 
fully or semi-folded tubes are formed. Moreover, because of the isotropy of the 
mechanical properties of the bilayer, the formation of hinges during folding of 
the bilayers is considered improbable. 
Objects with sharp edges are formed from patterned bilayers where the 
active component is deposited locally (Figure T22e-h). The active component 
can either swell/shrink or change its shape due to melting. Along these lines, 
cubes and pyramids are formed from a patterned bilayer with active junction 
elements103, 130, 136.  
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Figure T 22. Examples of self-folding polymer films with different shapes: 
tubes 105 (a), capsules 9, 129 (b,c), saddle-like surface138 (d), flat ball 136 (e), 
pyramid 136(f), cube 143 (f), dodecahedron 103 (h). 
For instance, Santangelo and Hayward reported on photopatterned 
hydrogel films that yield temperature-responsive gel sheets and can 
transform between a flat state and a prescribed three-dimensional shape. The 
hydrogel was patterned through a process, dubbed halftone gel lithography, 
by using only two photomasks, wherein highly cross-linked dots embedded in 
a lightly cross-linked matrix provided access to nearly continuous, and fully 
two-dimensional, patterns of swelling. This method is used to fabricate 
surfaces with constant Gaussian curvature (spherical caps, saddles, and 
cones) or zero mean curvature (Enneper’s surfaces), as well as more complex 
and nearly closed shapes (Figure T22d). 
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Importantly, in most of the cases folding runs in one step. Step-by-step 
folding of different elements of self-folding films can be achieved by local 
activation of selected areas by light 155. Another possibility is to use two or 
more kinds of active material, which are sensitive to different stimulus. 
Gracias et al demonstrated two-step deformation of patterned films where the 
active elements are two kinds of biodegradable polymers. Each of these 
polymers is degraded by a specific enzyme. As a result, the films fold when 
the first enzyme is added and unfold when the second one is added. 73 On the 
other hand, there are reports that folding in nature can have a very complex 
character, which strongly depends on the swelling path 156, 157 and may result 
in a multi-step folding (development of curvature in different directions) 120. 
Polyhedra represent an interesting group of self-folding microorigami. 
A common strategy for the design of these structures is the formation of a 2D 
layer, comprising of many connected together pieces that have the same 
geometrical shape and that form the sides of the polyhedron upon folding. 
There are, however, many different ways for connecting these structural 
elements and not all of them will give the desired object after assembly. For 
example, there exist many different ways to link the vertexes of 6 square 
pieces but only eleven of them can, at least theoretically, fold into a cube. If 
one is given a simple polygon (and its interior) in the plane, Alexandrov’s 
theorem gives conditions under which this polygon can be folded by the 
identification of points of the polygon’s boundary to a convex polyhedron or a 
double covering of a convex polygon. Despite its predictive powers, this 
theorem is not widely used for the design of self-folding polyhedra, because of 
its complexity, especially when external influences on the system have to be 
accounted for. Gracias et al took an experiment-based approach backed-up 
with some simplified calculations to solve the problem. In their approach, 
they considered polygons that have fold lines (also dubbed as internal hinges), 
which will form convex polyhedra (with the panels becoming faces of the 
completed polyhedron) when folded along the fold lines and the edges of the 
polygonal boundary are joined together17. 
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Figure T23. A) all (eleven) possible arrangements of 6 squares that can fold in 
a cube; B) all (eleven) possible arrangements of 6 triangles that can fold in an 
octahedron17 
This situation is normally described by the term “net”. The concept was 
proved on the example of self-folded cubes and octahedra. It involved 
Alexandrov’s theorem-based model, predicting the possible arrangements 
that would lead to convex polyhedra after folding. The structures were then 
manufactured and their folding behavior was investigated in over 68 trials for 
each polyhedron. Special attention was paid to the number and type of defects 
observed in each trial. They found, that the radius of gyration had a major 
impact on the self-folding outcome, namely the smaller it was (i.e. the more 
compact the structure was), the greater the yield of properly assembled cubes 
and octahedra was. 
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Materials and 
Methods 
 
Materials 
All substances used in this 
work are presented in the table 
below. The leftmost column gives 
the structural formula of the 
substance (where applicable), the 
second from left column includes the 
names of the chemicals; the third 
and the forth columns give the 
purity of the product when received 
and the deliverer, respectively. 
Some of the chemicals were purified 
prior to use; they are denoted with 
an * in the table. Information on the 
purification procedures is given in 
the text after the table. 
  
3 Chapter 
I. Materials and 
Methods 
II. Results and 
Discussion 
 Folding of 
rectangular films 
 Folding of 
complex shapes. 
One-step folding 
 Folding of 
complex shapes. 
Multi-step 
folding 
 Multi-step 
folding of porous 
films 
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Table M1 
List of materials used in the scope of this thesis 
Structural formula Name Purity Deliverer 
OH
O
 
4-
Hydroxybenzop
henone 
98% Aldrich 
O
Cl  
Acryloyl 
chloride 
p.a. Sigma 
N
 
N,N-
diisopropylethy
lamine 
99.5% 
Sigma-
Aldrich 
O
HO
 
Acrylic acid 99%* Fluka 
O
O
 
Methyl-
methacrylic 
acid 
99%* Aldrich 
O
H
N
 
N-isopropyl- 
acrylamide 
97%* Aldrich 
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Table M1 
List of materials used in the scope of this thesis 
NCN
N CN
 
N,N’-
Azobisisobutyronit
rile (AIBN) 
98%* Aldrich 
NaHCO3 
Sodium 
bicarbonate 
p.a. Fluka 
NaOH Sodium hydroxide 98% Fluka 
CH2Cl2 
Dichloro- 
methane 
p.a. 
Acros 
Organics 
CHCl3 Chloroform p.a. 
Acros 
Organics 
EtOH Ethanol absolute VWR 
O
O
 
1,4-Dioxane 99.5% 
Acros 
Organics 
(C2H5)2O Diethyl ether 
ACS 
grade 
Merck 
C6H5CH3 Toluene p.a. 
Acros 
Organics 
- 
Phosphate saline 
buffer (PBS) 
Biotech. 
grade 
Sigma 
HCl 
Hydrochloric acid 
(37%) 
ACS 
grade 
Merck 
H2O2 
Hydrogen peroxide 
(33%) 
p.a. Merck 
NH3 
Ammonium 
hydroxide (33%) 
p.a. 
Acros 
Organics 
O
O
n
 
Poly- 
caprolactone 
(Mn= 60 000 g/mol) 
- Aldrich 
Si Silicon wafers 
See text 
below 
Silicon 
Materials 
Millipore water: Obtained from TKA Smart2Pure; conductivity 0.055 
µS/cm. 
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Sodium hydroxide solution in water was used as a medium in some of 
the experiments. For this purpose, 20 mg of sodium hydroxide were dissolved 
in 500 ml Millipore water. The resultant solution had pH 11. 
Cleaning of the silicon wafers: First, the silicon wafer was cut into 
pieces 4x1.2 cm. The pieces were then ultrasonicated in chlorophorm for 15 
min. After this, they were immersed in a mixture of equal volumes of 
ammonium hydroxide, hydrogen peroxide and water and were stirred in it at 
70oC for 1 hour. After cooling, they were rinsed twice with Millipore water 
and dried with compressed air. The cleanness of the surface was examined 
visually by the lack of stains and inhomogeneities of the reflecting layer of the 
wafer pieces. The thickness of the oxide layer on the surface of the wafers was 
measured by null-ellipsometry. 
Purification of the monomers 
Acrylic acid (AA): Acrylic acid was distilled under vacuum prior to use. 
In a typical procedure, 100 ml of acrylic acid were poured into a 200ml bulb 
and connected to an oil-pump; the pressure was then reduced to 13 mbar. The 
acrylic acid was slowly heated to 40oC. The first two milliliters of the 
distillate were thrown away. Distillation was stopped when approximately 10 
ml of acrylic acid were left in the flask. 
Methyl-mehtacrylate (MMA): Methyl-methacrylate was purified by 
passing it two times through a column with basic Al2O3 and one time through 
neutral Al2O3. 
N-isopropylacrylamid (NIPAM): N-isopropylacrylamide was 
recrystallized from hexane. In a typical experiment, a saturated solution of 
NIPAM in boiling hexane was prepared. The solution was then cooled down to 
room temperature and the NIPAM crystals were filtered out and dried under 
vacuum. 
N,N’-azobisisobutyronitrile (AIBN):  AIBN was recrystallized from 
methanol. In a typical experiment, a saturated solution of AIBN in boiling 
methanol was prepared. The solution was then cooled down to room 
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temperature and the AIBN crystals were filtered out and dried under 
vacuum. 
Synthesis of 4-acryloylbenzophenone (BA): 4-Hydroxybenzophenone (20 
g, 0.1009 mol), N,N-diisopropylethylamine (19.3 ml, 0.1110 mol) and 80 ml of 
methylene chloride were added to a 200 ml three-necked round-bottom flask 
fitted with an overhead stirrer, a thermometer, and an addition funnel with 
an acryloyl chloride (9.02 ml, 0.1110 mol) solution in 20 ml of methylene 
chloride. The acroloyl chloride solution was added dropwise into the flask 
under cooling (0–5 oC) for ca 3 h. The methylene chloride was removed by 
rotary evaporation. The residue was washed with 80 ml of 20% HCl, 80 ml of 
saturated solution of sodium hydrocarbonate and dried over sodium sulfate. 
Next, the solution was passed through a silica gel column with chloroform as 
the eluent. Chloroform was removed by rotary evaporation. Finally, 24.44 g 
(95%) of BA was obtained. 1H NMR (CDCl3, 500 MHz): 6.05 (dd, J1 ¼ 10.40, 
J2 ¼ 1.26, 1H), 6.34 (dd, J1 ¼ 10.40, J3 ¼ 17.34, 1H), 6.64 (dd, J3 ¼ 17.34, J2 
¼ 1.26, 1H), 7.27 (m, 2H), 7.49 (m, 2H), 7.59 (m, 1H), 7.80 (m, 2H), 7.86 (m, 
2H). 
OH
O
O
Cl
N
CH2Cl2
O
O
O
+
, - HCl
Figure E1. Synthesis of 4-benzophenone acrylate 
Preparation of polymer bilayers 
Two different techniques were used for the preparation of the polymer 
bilayers, namely dip-coating, either manual or with the use of a specially 
built for the purpose dip-coater, or by spin-coating. Spin-coating was used 
when films with a thickness of less than 100 nm had to be obtained. Manual 
dip-coating was used for the manufacturing of blends with thicknesses of 500 
nm or more. In all other cases, the dip-coater was used. In all cases, pre-
cleaned silicon wafers were used as a substrate for the polymer bilayers. Any 
of the abovementioned techniques would be used to cast the first polymer on 
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the smooth (mirror) side of the silicon wafer. The first layer always consisted 
of a PNIPAM-copolymer and was therefore coated from an ethanol solution. 
The second, passive, layer was either a PMMA-copolymer, or PCl with added 
4-hydroxybenzophenone. A suitable solvent for the second polymer had to be 
found, as the first layer had to be kept intact during deposition. It was found 
by simple trial and error method that toluene was a good solvent for all the 
PMMA-copolymers, as well as for PCl and 4-hydroxybenzophenone, while 
being a non-solvent for PNIPAM and its copolymers, and was henceforth used 
as a medium for the solutions of the second polymer. 
 
Figure E2. An illustration of the sample preparation. Two polymers are spin- 
or dip-coated on the surface of a clean silicon wafer. The bilayer is then 
irradiated with UV light through a mask. The pattern is then developed in a 
common solvent. 
All solutions were filtered through a 200 µm PTFE filter prior to use. 
The bilayer film was then illuminated with 254 nm UV-light through 
specially designed photomasks for 90 min to cross-link the polymers. 4-
hydroxybenzophenone, as well as its acrylate, form radicals under UV-light: 
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Figure E3. Radical formation for benzophenone derivatives under irradiation 
with UV-light 
Afterwards, the illuminated film was rinsed with dichloromethane in 
order to remove the polymers from the non-irradiated areas. 
Characterization Techniques 
Null-ellipsometry 
 Layer thickness of thin (less than 400 nm) films was measured by null-
ellipsometry, which is a non-destructive technique for the characterization of 
thin polymer layers on solid substrates. 
Basics 
Incident polarized laser light is reflected off a sample, usually 
compensated by an optical compensator. The reflected beam forms an ellipse 
vertically with respect to the light propagation whose parameters (length of 
the ellipse axes and rotation angle of the ellipse with respect to vertical 
surface) can be detected by a rotating polarizer, the so called analyzer. 
The position of polarizer and analyzer at minimum and maximum 
intensity give the phase parameter and the amplitude parameter that depend 
on the sample characteristics which are the layer thickness and the refractive 
index by measuring the change of phase between the s (perpendicular) and 
the p (parallel) components of light (Figure E4). All measurements were 
performed at 632.8 nm and 70° angle of incident light with a null ellipsometer 
in a polarizer compensator-sample analyzer (Multiscope, Optrel Berlin) as 
described elsewhere158. 
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Figure E4: Principle of null-ellipsometry (simplified) (a), schematic of an 
ellipsometry experiments (b). 
Scanning electron microscopy 
Basics 
The principle of a scanning electron microscope is shown schematically 
in Figure E4. The two major parts are the microscope column and the 
electronics console. The microscope column consists of the electron gun (with 
the components cathode, Wehnelt cylinder, anode), one or two condenser 
lenses, two pairs of beam deflection coils (scan coils for X, Y deflection), the 
objective lens, and some apertures. In the specimen chamber at the lower end 
of the microscope column are located the specimen stage and the detectors for 
the different signals generated by the electron–specimen interaction. The 
pressure in the specimen chamber typically amounts to about 10−6 Pa, 
allowing the beam electrons to travel from the cathode to the specimen with 
little interaction with the residual gas molecules. The electronics console 
consists of the electric power supplies for the acceleration voltage (usual 
range about 0.5–30 kV) as well as the condenser and objective lenses, the 
scan generator, and electronic amplifiers for the different signals acquired. 
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Figure E5. Diagram of a typical SEM159 
Modern SEMs mostly use a PC to control the electron beam, to select 
the signals, and to record as well as to store the digital image(s). How does 
the SEM work? The beam electrons are emitted from the cathode and 
accelerated by a voltage of 0.5–30 kV between the cathode and anode forming 
a smallest beam cross-section-the crossover-near the anode with a diameter of 
about 10–50 μm. This spot size is too large to produce a sharp image. 
Therefore the crossover is demagnified by the lens system consisting of one or 
two condenser lenses and one objective lens and focused on the specimen 
surface. Topography is the factor that contributes most amongst the others to 
the image contrast. The magnification of the image is given by the ratio of the 
length of the scan on the monitor and the corresponding length of the scan on 
the specimen. For example, an increase in magnification can simply be 
achieved by decreasing the current of the deflection coils in the microscope 
column (i.e., lowering the length of the scan on the specimen) and keeping the 
image size on the monitor constant. 
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One of the greatest strengths of the SEM is the tremendous depth of 
focus, i.e., the range of heights of the specimen being simultaneously in focus. 
At magnifications that are comparable to those of light microscopy (e.g., 100×) 
the SEM has a depth of focus that is about 100 times greater than that of an 
optical microscope159. 
Null-ellipsometry is not suitable for measuring the thickness of 
polymer layers which are thicker than 500 nm as several artifacts may occur. 
To overcome these problems, we decided to use SEM to directly measure the 
thickness of the polymer films. For this purpose, the substrate with the 
polymer bilayer was first cooled with liquid nitrogen and then quickly broken 
into pieces. Different parts were then picked up and viewed perpendicular to 
the film plane. Cooling with liquid nitrogen was essential for specimens, 
where the second layer was PCl, because of the polymer’s low glass-transition 
temperature. If broken at room temperature, the PCl layer stretched and 
often even detached from the lower layer.  
  
Figure E6. SEM images of P(NIPAM-AA-BA) (left) and P(NIPAM-AA-BA)-
P(MMA-BA) (right) on a silicon wafer 
Figure E6 shows typical SEM images of a polymer film on a silicon 
wafer. The polymer layer (the topmost layer on the left image) can be clearly 
distinguished from the substrate. Moreover, it was possible to easily 
distinguish between the two polymers, as seen on the right image. 
All scanning electron microscopy (SEM) micrographs were acquired on 
a Neon40 SEM (Zeiss), operating at 3 kV in the secondary electron and 
InLens modes. All samples were covered with 3.5 nm of Pt prior to imaging. 
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Visible light microscopy 
Basics 
Optical microscopes are instruments which uses visible light and a 
system of lenses to magnify images of small samples. The main factors that 
determine the quality of an image are the observed object itself, with its 
contrast in respect to its internal or external surroundings, as well as the 
magnification and the resolving power of the microscope. A typical set-up of a 
modern microscope includes a light source (usually with collector and 
condenser lenses, required for Köhler illumination), an objective lens, an 
eyepiece, a detector (either observer’s eye or a camera) and a stage for the 
specimen. 
Light source 
 There are plenty of light sources used in light microscopy like ambient 
light, halogen lamps, mercury lamps, to name a few. A common problem of all 
light sources is that an image of the filament is visible in the image of the 
sample. To overcome this problem, the so called Köhler illumination is used 
in modern microscopes. Köhler illumination requires several optical 
components to function: 
1. Collector lens and/or field lens 
2. Field diaphragm 
3. Condenser diaphragm 
4. Condenser lens 
These components lie in this order between the light source and the 
specimen and control the illumination of the specimen. The collector/field 
lenses act to collect light from the light source and focus it at the plane of the 
condenser diaphragm. The condenser lens acts to project this light, without 
focusing it, through the sample. This illumination scheme creates two sets of 
conjugate image planes, one with the light source image and one with the 
specimen. The primary advantage of Köhler illumination is the extremely 
even illumination of the sample. This reduces image artifacts and provides 
high sample contrast. 
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Eyepiece (ocular) 
The eyepiece, or ocular, is a 
cylinder containing two or more 
lenses. Its function is to bring the 
image into focus for the eye. 
Eyepieces are usually 
interchangeable and many 
different eyepieces can be 
inserted with different degrees of 
magnification. Typical 
magnification values for eyepieces 
range between 2x and 10x. 
Objective lens 
The objective, which is 
typically composed of several lens 
elements, collects light 
transmitted through or reflected 
from the specimen and forms a magnified real image at the real intermediate 
image plane near the eyepieces. The intermediate image is then further 
magnified by the eyepiece to produce a secondary enlarged virtual image of 
the specimen, which is observed by the microscopist. 
The objective lens forms a magnified image of the object (called the real 
intermediate image) in or near the eyepiece; the intermediate image is 
examined by the eyepiece and eye, which together form a real image on the 
retina. Because of the perspective, the retina and brain interpret the scene as 
a magnified virtual image about 25 cm in front of eyes. 
Magnification 
The actual magnification of a compound optical microscope is the 
product of the powers of the ocular and the objective lens. The maximum 
normal magnifications of the ocular and objective are 10x and 100x 
respectively, giving a final magnification of 1,000x. If a detector is used, the 
Figure E7. Basic elements of a 
typical visible light microscope 
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image is not magnified by the eyepiece, so a typical magnification in this case 
would be 100x. 
Resolution 
Resolution, or minimum resolving distance, is the minimum distance 
between two points in an image, at which they can still be seen as separate 
objects. At high magnifications, point objects are seen as fuzzy discs 
surrounded by diffraction rings, called Airy discs. The resolving power of a 
microscope is taken as the ability to distinguish between two closely spaced 
Airy disks. In other words, it is diffraction that limits the ability to resolve 
fine details. The extent and magnitude of the diffraction patterns are affected 
by both the wavelength of light (λ) and the numerical aperture (NA) of the 
objective lens. There is therefore a finite limit beyond which it is impossible to 
resolve separate points in the objective field, known as the diffraction limit. 
Assuming that optical aberrations in the whole optical set-up are negligible, 
the resolution d, can be stated as: 
 
Usually a wavelength of 550 nm is assumed, which corresponds to 
green light. With air as the external medium, the highest practical NA is 
0.95, and with oil, up to 1.5. In practice the lowest value of d obtainable with 
conventional lenses is about 200 nm. 
Bright-field 
In bright-field microscopy, contrast results from absorbance of 
illuminating light in dense areas of the specimen. The background is bright, 
and absorbing structures within the specimen appear darker. Thus, bright-
field microscopy is ideal for objects with high natural absorption. 
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Dark field 
To introduce contrast into transparent colorless samples dark-field 
imaging can be used. In dark-field microscopy the image is formed by 
collecting only the scattered light and excluding the transmitted. As a result, 
only highly diffracting or scattering structures can be observed forming a 
bright image on a dark background. Dark field illumination technique is 
especially good to reveal outlines, edges, and boundaries of objects. 
For light microscopy imaging a Zeiss Axio microscope equipped with Zeiss 5x, 
10x, 20x, 50x and 100x air objectives was used. 
To perform microscopic observation at different temperatures samples 
were placed on a home-made thermo-stage based on a Peltier element, which 
allows a very fast change of the temperature within several seconds.  
LM images were taken with an Olympus UC-30 3.2 megapixel digital 
color camera with CCD chip. AnalySIS software (Olympus Soft Imaging 
Solutions, V5.1) and ImageJ freeware were used for data processing. 
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Results and Discussion 
Folding of Rectangular Bilayers 
Motivation 
Generally, the rolling of a rectangular bilayer may occur according to 
three different scenarios: long-side, short- side, and diagonal rolling (see 
Figure R1). The effects of film shape on the character of folding were 
experimentally investigated on the examples of purely inorganic and 
composite polyaniline -inorganic bilayers. Smela et al.68 showed that short-
side rolling was preferred in the case of free homogeneous actuation and that 
this preference increased with the aspect ratio (ratio of length to width of a 
rectangular pattern). On the other hand, Li et al. experimentally 
demonstrated the opposite scenario69 in the case where bilayers are 
progressively etched from a substrate, namely, a preference for long-side 
rolling. They observed that when the tube circumference was much larger 
than the width, or the aspect ratio of the rectangle was high, rolling always 
occurred from the long side. However, when the tube circumference was much 
smaller than the width and the aspect ratio of the rectangular bilayer was not 
very high, the rolling resulted in a mixed yield both of long and short-side 
rolling, as well as a “dead-locked turnover” shape. Elseways, short-side rolling 
occurred at small aspect ratios when the deformed circumference was close to 
the width. In these self-rolling systems, the active component undergoes 
relatively small volume changes or actuation strains, which are nearly 
homogeneous over the whole sample.  
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Figure R1. Different scenarios for folding of polymer bilayers 
Hydrogel films, which are also able to fold, demonstrate considerably 
different properties132, 139, 160. First, hydrogels undergo large volume changes 
(up to 10 times) upon swelling and contraction. Second, the swelling of a 
hydrogel is often kinetically limited: due to slow diffusion of water through a 
hydrogel, the parts that are closer to the edges swell first, while the parts 
that are closer to the center of the film swell later. Thus, the actuation profile 
inside the active layer is heterogeneous. A conclusion may be drawn that, 
before designing a complex self-folding system based on a polymer bilayer, 
the phenomena that underlie and determine the process should be thoroughly 
investigated and understood. To attack the problem, one of the simplest 
geometrical forms was chosen – a rectangle. 
Experimental part 
Synthesis of P(MMA-BA): 6.2803 g of MMA (62.72 mmol), 0.2405 g of 
BA (0.96 mmol), and 0.052 g of AIBN (0.31 mmol) were dissolved in 30 mL of 
toluene. The mixture was purged with nitrogen for 30 min. The 
polymerization was carried out at 70°C under a nitrogen atmosphere with 
mechanical stirring overnight. After cooling, the mixture was poured in 750 
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mL of diethyl ether, and the precipitate was filtered and dried under vacuum 
at 40°C. 
Synthesis of P(NIPAM-AA-BA) : BA (0.28 g, 1,12 mmol); NIPAM (6 g, 
51.57 mmol), AA (0.2556 g, 3.36 mmol), AIBN (0.01632 g, 0.38 mmmol) were 
added in a 50 mL flask. The components were dissolved in 30 mL ethanol. 
The mixture  was purged with nitrogen for 30 min. The polymerization was 
carried out at 70 ° C under nitrogen atmosphere with mechanical stirring 
overnight. After cooling, the mixture was poured in 750 mL diethyl ether, the 
precipitate was filtered and dried in vacuum at 40 ° C. 
Results and discussion 
As no data on the dependence of the folding diameter on the film 
thicknesses was available prior to the experiment, series of solutions of 
P(NIPAM-BA) in ethanol and P(MMA-BA) in toluene were prepared. Table 
E1 gives a summary of the concentrations of the prepared polymer solutions 
and the resulting thicknesses of the polymer films, formed after dip-coating in 
the corresponding solution. 
Table RT1 
Dependence of the thickness of the polymer films on the concentration 
of the stock solution 
 Conc., % 2 4 6 8 
P(NIPAM-
AA-BA) 
Thickness, nm 215±15 600±50 1200±200 2500±200 
P(MMA-BA) Thickness, nm 200±20 450±30 680±40 1230±80 
As manual dip-coating results in a thickness-gradient of the polymer 
film, different values were measured in the top, middle and bottom parts of 
the silicon piece. The values presented in the table are the thicknesses of the 
polymer film in the middle of the sample and the “±” sign represents the 
increase or decrease in the thickness towards the bottom and top part of the 
wafer, respectively. 
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Combining these solutions, thirteen different polymer bilayers were 
prepared to test their folding ability in PBS buffer (pH 7.4) and to determine 
the diameter of folding. Table RT2 gives a summary of the folding behavior 
and diameters (in µm) for the cases where rolling was observed: 
Table RT2 
Radii of folding of different polymer bilayer 
 
*Dashes denote that no experiments with that combination of concentrations were conducted 
**An “x” connotes that the structures detached during development 
We chose two of the systems, namely bilayers 6-4 and 6-8, because they 
gave the lowest deviation in terms of radius of folding. Accordingly, we 
prepared two sets of patterned bilayers of P(NIPAM-AA-BA)/(P(MMA-BA), 
which differ in thickness (h) of the P(MMA-BA) layer, which results in 
different rolling curvature. One set formed narrow tubes with a diameter D = 
20 μm (hP(MMA‑BA) = 450 nm; hP(NIPAM‑AA‑BA) = 1200 nm), while the second set 
formed wider tubes with diameters in the range d = 70-90 μm (hP(MMA‑BA) = 
1200 nm; hP(NIPAM‑AA‑BA) = 1200 nm). Additionally, thermoresponsive 
hydrogels swell and shrink at reduced and elevated temperature, 
respectively. The passive hydrophobic P(MMA-BA) layer restricts swelling of 
the active hydrogel. As a result, the bilayer made of these polymers does not 
uniformly expand/shrink but folds and unfolds due to the swelling and 
collapse of the hydrogel layer. P(NIPAM-AA-BA)/(P(MMA-BA) bilayers were 
prepared using photolithography, as described in the experimental part. 
Rectangular bilayers of different lengths (L = 100-1000 μm) and aspect ratios 
(ratio of length (L) to width (W), A = L/W = 1-8) were fabricated using 
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specially designed photomasks. After removal of the non-crosslinked polymer, 
the patterned bilayers were exposed to a PBS solution (pH = 7.4) at room 
temperature. As a result, photo-crosslinked P(NIPAM-AA-BA) swelled, 
leading to rolling of the bilayer and formation of tubes. The folded films 
formed by each set of bilayers were then mapped by optical microscopy in 
order to assess the rolling radius as well as the deformation pattern (see 
Figures R2 and R3). 
 
Figure R2. Folding behavior of rectangular bilayers with radius of folding 18-
22 µm. 
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Figure R3. Folding behavior of rectangular bilayers with radius of folding 70-
90 µm. 
It was found that the final diameter of the tube is independent from 
the size of the bilayer (L, W) and, when everything else being equal (Young 
modulus of active and passive layer as well as activation strain), it is solely 
controlled by the relative thickness of the active and passive layers and, thus, 
is (almost) constant for each set of experiments. On the other hand, the 
direction of rolling strongly depends on the size and shape of the films as well 
as on the thicknesses of the active and passive layer (sees Figure R4). 
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Figure R4. Phase diagrams of the folding behavior of rectangular polymer 
bilayers with different circumferences. a) diameter of folding 20-25 µm; b) 
diameter of folding 70-90 µm; c) summarized phase diagram; d) an example of 
rolling of rectangular polymer bilayers with aspect ratio 1/8. 
Summarizing, we distinguished four general types of rolling: long-side 
rolling, diagonal rolling, short-side rolling, and mixed all-side rolling, which is 
a combination of the first three types. The character of preferential rolling is 
plotted as a function of the absolute values of width, length and aspect ratio, 
as well as normalized values, which are obtained by dividing the length or 
width by the typical circumference of the rolled tube (C = πD, Figure R1). 
Three types of rolling were observed when narrow tubes (D = 20 μm) are 
formed: long-side, diagonal, and all-side rolling (see Figure R4a). It must be 
noted that no short-side rolling was observed. The all-side rolling (see Figure 
R2, a1-3, b1-2) occurs when the width of the films considerably exceeds the 
circumference of rolling for aspect ratios of 1 or 2. A decrease in the width for 
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an aspect ratio of 2 or more results in preferential long-side rolling (see 
Figure R2, b3, c1-3, d1-3), when the normalized length is more than 2. 
Depending on the ratio of width (W) to circumference (C), incompletely rolled 
tubes (W/C < 1), completely rolled tubes (W/C≈1), or doubled tubes (W/C = 2) 
are formed. A further decrease in the length leads to a mixture of long-side 
and diagonal or all-side rolling (see Figure 2, a4, b4, c4, and d4). Thus, the 
most promising parametric window for potential applications, such as 
microfluidics and cell encapsulation, is a bilayer with an aspect ratio of 4 or 
more. Different rolling behavior is observed when wide tubes (D = 70-90 μm) 
are formed (see Figure R4b). First, films with the highest aspect ratio slightly 
bend and almost do not roll because of the large circumference (see Figure R2 
(b), d1-4). Second, other bilayers roll either according to diagonal or all-side 
rolling scenarios. Diagonal rolling is observed in the cases of square films 
(L/W = 1) when two opposite corners bend toward each other (see Figure R2 
(b), a1-4). Another interesting rolling mechanism was the double diagonal 
rolling, where all four vertexes of the rectangle bend towards the center of the 
figure. 
 
Figure R5. Examples of double diagonal rolling for rectangular polymer 
bilayers with aspect ratios 1/1 (a1-a4) and 1/2 (b1-b4) 
Overall, such type of rolling also occurs at low aspect ratios (1 or 2) 
when the radius of folding is comparable to the length of the structures. Here, 
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folding starts from the corners and proceeds until the rolling of tubes. As a 
result, a square or a rectangle is formed, just like in the case of all-side 
rolling. The difference between the two scenarios is that in all-side rolling, 
the sides of the rectangles are formed by rolling of the sides of the initial 
structure, while in the double diagonal folding they are formed from the 
corners. 
“Tick-or-check-mark”-like structures (see for example Figure R2b, c1, 
the film in the middle) in combination with diagonal rolling are observed in 
almost all cases at L/W > 1 when either adjacent or opposite corners bend 
toward each other. Bending from short sides was observed in combination 
with diagonal rolling only in one case (see Figure R2b, b4). The results 
obtained for narrow (Figure R2a and R4a) and wide (Figure R2b and R4b) 
tubes plotted as a function of normalized length and width are not fully 
identical. Figure R4b is shifted to larger values of L/C. The reason for this 
effect is not completely clear and could be due to effects related to 
heterogeneities in the swelling behavior, which are hard to fully consider. On 
the other hand, there is a clear correlation between the results given in 
Figure R4a and b, which is qualitatively summed up in Figure R4c. For 
example, all-side rolling is observed when both length and width considerably 
exceed the deformed circumference. Diagonal rolling is observed when L = W, 
and both are comparable to the circumference. Mixtures of diagonal rolling 
and the formation of “tick-or-check-mark”-like structures (tube in the middle 
of Figure 3, c1) are observed when L > W and both L and W are comparable to 
the circumference. 
In order to explain the fact that rolling starts from the corners we 
experimentally investigated the swelling process. This was performed in a 
qualitative manner by observing changes in the interference pattern of white 
light with the bilayer during swelling. In order to avoid bending and folding 
of the bilayer during swelling, a very thin P(NIPAM-AA-BA) layer (h = 35 
nm) under a thick P(MMA-BA) layer (h = 400 nm) was used. As one can see 
from Table RT2, a combination of these thicknesses leads to a non-folding 
polymer bilayer. Due to the effect of interference of light, which is mirrored 
88 
 
from the top and bottom surfaces of the bilayer, the changes in colors (see 
Figure R6) reflect the changes in the film thickness. It was observed that the 
color of the films started to change at the corners first, which confirmed the 
assumption that edge-activation of the active layer due to slow water 
diffusion into the hydrogels is at the origin of the experimentally observed 
fact that rolling starts at the corners.  
 
Figure R6. Swelling of a rectangular polymer bilayer. At the beginning, a 
change in colour is observed in the corners. 
Thus, on the basis of the observations of the rolling and swelling 
mechanisms, we can argue that diffusion determines folding in the first 
moments of folding, while adhesion seems to play a decisive role at later 
stages of folding. 
Diffusion-Driven Actuation: For some specific shape parameters the 
observed long-side folding of rectangular bilayers contradicts with the 
reported in literature bending of bilayer actuators, which occurs along the 
short side. However, the latter is true under the conditions that the active 
layer is homogeneously activated and that there is no interaction with a 
substrate. 
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Figure R7. Folding of a freely floating polymer bilayer (a) and of a polymer 
bilayer placed on a substrate (b) 
In other words, this is the case of a freely floating bilayer, where 
diffusion of water inside the hydrogel layer is not restricted by any substrate. 
Furthermore, it was confirmed that such freely floating bilayers undergo 
short-side rolling that is similar to the behavior of standard actuators (Figure 
R7a). As the studied bilayers are placed on a substrate, it is reasonable to 
assume that diffusion of water inside the active monolayer upon activation (T 
< LCST) occurs primarily through its lateral sides. Additionally, not only does 
the substrate hinder diffusion, it also exerts adhesion forces to the bottom 
surface of the bilayer that impede actuation until a certain threshold of 
detachment forces is reached. This means that bending, which requires 
detachment of the substrate, occurs only at a sufficient activation strain. In 
particular, non-swollen areas do not bend. 
A more complicated scenario is observed when the width of the films is 
smaller and the length is considerably larger than the deformed 
circumference. The rolling itself starts first at the corners, as before, but long-
side rolling starts later (Figure R8b and Figure R5) and is energetically 
favored. Rolling along the short side is unfavorable because it implies more 
stored stretching energy along the long side. Further long-side rolling makes 
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diagonally rolled corners unfavorable and leads to the switching of bent 
corners to a “long-side rolling” scenario. 
 
Figure R8. Folding of a rectangular polymer bilayer with aspect ratio 
1/8. a) folding starts at the corners; b) tubes are formed along the long sides of 
the structures; c) and d) switching to long-side rolling; e) unfolded rectangles; 
the middle line denotes the adhesion area. 
Depending on the width of the film compared to the deformed 
circumference, either an incompletely rolled tube is formed or the two long-
side rolling fronts collide into a completely rolled or doubled tube. If the 
deformed circumference is considerably smaller than the width and length of 
the films (which implies a high activation strain), then rolling starts first 
from corners and then continues along all sides (Figure 8c). The rolling fronts 
do not collide until several revolutions are made, which were shown to be 
almost irreversible. As a result, already rolled fronts are unable to unroll and 
irreversible all-side rolling is observed. 
We investigated in detail folding of rectangular stimuli-responsive 
hydrogel-based polymer bilayers with different lengths, widths, and 
thicknesses located on a substrate. It was found that long-side rolling 
dominates at high aspect ratios (ratio of length to width) when the width is 
comparable to the circumference of the formed tubes. Moreover, rolling from 
all sides occurs when the width and length considerably exceed this 
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circumference. Diagonal or all-side rolling is observed when the width and 
length are comparable to the circumference. On the other hand, short-side 
rolling was observed very rarely and in combination with diagonal rolling.161 
 
Figure R9. Summary of the folding behavior of polymer bilayers, placed 
on a substrate 
Summary 
On the basis of the experimental observations it was argued that 
bilayers placed on a substrate start to roll from corners due to quicker 
diffusion of water. Rolling from the long-side starts later but dominates at 
high aspect ratio due to energetic considerations. We have shown 
experimentally and confirmed by theoretical considerations that the main 
reasons causing a variety of rolling scenarios are (i) non-homogenous swelling 
due to slow diffusion of water in hydrogels and (ii) adhesion of the polymer to 
a substrate until a certain threshold. Moreover, non-homogenous swelling 
determines folding in the first moments, while adhesion plays a decisive role 
at the later stages of folding. The films that we investigated are fabricated on 
the microscale. On the other hand, the knowledge obtained in this work is 
applicable to thinner films to direct their folding in order to form tubes with 
diameters in the nano-range. 
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Folding of Complex Shapes. One-Step Folding 
Motivation 
It was shown in the previous chapter that one can control the diameter 
of folding by adjusting the thicknesses of the polymer layers. Different folding 
scenarios arising in rectangles with altering width-to-length ratios were also 
demonstrated. Thus, a rectangle could provide us with the possibility to 
design and produce only one regular 3D structure – a tube. Our goal, 
however, was to explore the possibilities of designing and creating more 
sophisticated structures. First, we decided to make self-folding capsules. Self-
folding capsules have promising potential applications as transportation 
vessels in microfluidics and drug delivery. For this purpose, four- and six-arm 
stars were chosen as template structures. 
By adjusting the radius of folding, one can have the rays of the stars 
bending toward the center of the form and closing there, thus forming a 
sealed capsule. The general idea was to use a polymer bilayer, where one of 
the components was a biocompatible hydrophobic polymer and the other was 
a thermoresponsive hydrogel. Biocompatibility was an important point, as the 
encapsulation of cells in the produced structures was planned. PMMA, which 
was used to investigate the folding behavior of rectangular polymer bilayers, 
was considered unsuitable for the upper layer due to one major drawback: it 
is stiff at room temperature. This property of PMMA (stiffness at ambient 
conditions) means that once folded, the structures are only capable of slow 
and partial unfolding. The goal was, however, to demonstrate quick and 
reversible encapsulation of cells. Therefore, polycaprolactone (PCl) was 
chosen for the passive layer, as it is commercially available, cheap, 
biocompatible and biodegradable; it easily forms homogeneous layers when 
deposited from solution; it has a Tg of around 60°C and is thus quite soft at 
room temperature, potentially allowing for multiple folding-unfolding cycles 
to be performed. A thermoresponsive polymer was essential, as it makes it 
easy to pack cells in a structure: the cells can be first deposited on the surface 
of the polymer blend that, after applying an external stimulus, would form a 
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capsule. Therefore, PNIPAM was chosen for the lower layer. PNIPAM is a 
well-known and widely used polymer with an LCST of 33°C, i.e. it is soluble 
at temperatures lower than 33°C and loses its solubility above this 
temperature. 
Photolithography was used for the preparation of the stars, so the 
polymers had to be able to cross-link under UV light. For this reason, a 
random co-polymer of PNIPAM with benzophenone acrylate was synthesized. 
PCl was purchased from a commercial source and could not crosslink. To 
overcome this problem, 4-hydroxybenzophenone was added to the PCl 
solution prior to depositing, as it forms radicals under the irradiation with 
UV light and can thus crosslink the polymer. 
Experimental part 
Synthesis of poly-(NIPAM-BA): BA (0.02253 g, 0.089 mmol), NIPAM (1 
g, 8.85 mmol), AIBN (0.01453 g, 0.089 mmol) were added in a 10 ml test tube. 
The components were dissolved in 6 ml 1,4-dioxane and degassed with 
nitrogen for 30 min. The test tube was tightly sealed and placed into a shaker 
(70 °C, 90 rpm) for 24 h. Then the mixture was cooled down to room 
temperature and poured slowly into diethyl ether under vigorous stirring. 
The precipitate was filtered and dried under vacuum. The poly(NIPAM-BA) 
had a slightly lower cloud point (T=28°C) than the PNIPAM homopolymer 
(T= 33°C). 
Preparation of the solutions: An 8% solution of P(NIPAM-BA) in 
ethanol was prepared. The solution was filtered through a 0.2 µm PTFE filter 
prior to use. Three solutions of PCl in toluene with different concentrations 
were prepared: 3%, 5% and 8%. 4-hydroxybenzophenone was added to each of 
them, its concentration being 6 mole% relative to the concentration of PCl. 
Due to their high viscosity the solutions were not filtered and were used “as 
is”. 
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Results and discussion 
As the introduction of a hydrophobic monomer in a co-polymer 
decreases its LCST, we first had to determine the cloud point of the 
P(NIPAM-BA). For that purpose, a 1 mg/ml solution of P(NIPAM-BA) in 
water was prepared. The solution was then brought to 15°C and heated up to 
35°C at a rate of approximately 0.2 degrees/sec. The LCST of the polymer was 
then settled visually by the temperature at which the polymer loses its 
solubility and forms a precipitate.  It was determined that the P(NIPAM-BA) 
had an LCST of 28°C. 
Next, the thicknesses of the films and the radius of folding of the 
polymer bilayers prepared from the P(NIPAM-BA) and different PCl solutions 
were examined. Homogeneous films with an average thickness of 4 µm were 
obtained by manual dip-coating in P(NIPAM-BA). For the PCl solutions, 
manual dip-coating resulted in films with 2 µm, 4 µm and 8 µm thicknesses, 
respectively. It was found that the 8µm blend detached from the surface due 
to swelling during the development process, making it impossible to create 
any structures. Due to that reason, the other two solutions were used. When 
combined with the 4 µm P(NIPAM-BA) layer, they resulted in a folding 
diameter of 100 µm and 50 µm for the 5% and the 3% solution, respectively. 
These radii of folding suited us well, as the stars had arms approximately 100 
µm in length. 
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Figure R10. Bright field optical microscopy images of self-folding of star-like 
patterned polymer bilayers. The polymer bilayer is undeformed at elevated 
temperature, when the poly-(NIPAM–BA) layer is shrunk. Cooling results in 
swelling of the poly(NIPAM–BA) layer and folding of the bilayer. 
Next, folding of the patterned bilayers in aqueous environment was 
investigated. It was found that star-like bilayer films remain undeformed at T 
> 28°C (Fig. R10 a,e). The arms of the bilayer started to bend when the 
temperature decreased below the cloud point of poly(NIPAM–BA) (Fig. R10 
b,f). The bending was typically completed after 5–10 s. Experimentally it was 
found that 4 µm thick poly(NIPAM–BA) and PCl layers allowed complete and 
partial folding of the four-arm and six-arm stars, respectively. (Fig. R10 c,g). 
Using of a thinner PCl layer led to a smaller curvature radius, multiple 
rolling of the arms and incomplete folding of the capsules. A similar effect 
was observed with a thicker PCl layer when the temperature was reduced to 
10°C or less (see fig R11). Lowering of the temperature led to stronger 
swelling of the active layer, thus decreasing the radius of folding. 
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Figure R11. Bright field optical microscopy images of self-folding of 
star-like patterned polymer bilayers. The temperature range varies from 30oC 
(left) to 10oC (right). 
The folded polymer layer stayed bound to the substrate because the 
centers of both four- and six-arm stars remained almost undeformed at 
moderately low temperature (T=20°C) for a long time. The capsules were 
released from the substrate after further cooling (T < 10°C) due to strong 
swelling of the poly(NIPAM-BA) layer that resulted in a considerable 
deformation of the central part. Increasing the temperature led to a shrinking 
of the poly(NIPAM-BA) layer and unfolding of the capsules. Therefore, the 
unfolding was completely reversible and no residual deformation of the 
polymer bilayer was observed even after several folding-unfolding cycles. 
As it was mentioned above, both 4- and 6-arm stars remained bound to 
the substrate even after several cycles of folding-unfolding because their 
centers remained almost undeformed at a moderately low temperature 
(T=20°C) for a long time. This is due to the fact that water diffuses much 
quicker through the ends of the star’s rays than through the points of junction 
(see also “Folding of complex shapes. Multi-step folding”). Consequently, a 
“star” with only two rays, which will effectively have the shape of an ellipse, 
will detach much easier from the surface of the silicon wafer. Indeed, it was 
observed (fig R12). 
97 
 
 
Figure R12. Folding of an elliptical (“two-arm star”) polymer bilayer 
As can be seen on the images, the attached and detached polymer 
bilayers exhibited the same folding behavior in terms of following the same 
bending path in an equal, time-resolved manner. This was in contrast to the 
case of rectangular blends, where the folding scenario strongly depended on 
whether a substrate was present or not (see the previous section). It can be 
easily explained if one considers the geometry of bilayers and the ratio 
between the diameter of folding and the size of the bilayers. Here, the 
circumference of folding is larger than the width of the ellipse. Hence, folding 
along the long axis is unfavorable even for a freely-floating polymer film. 
Therefore, the only possibility left is folding from the tips and towards the 
center. The same folding behavior, however, is to be expected for a bilayer on 
a substrate, as swelling and thus folding starts from the tips of the rays. 
Thereupon, in this particular case folding is independent of the presence of a 
substrate. 
Finally, the possibility to encapsulate and release yeast cells using self-
folding star-like polymer bilayers was demonstrated. 
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Figure R13. Encapsulation of yeast cells inside the thermoresponsive self-
folding capsules (dark field optical microscopy). Yeast cells are adsorbed on 
the polymer bilayer at an elevated temperature. Cooling leads to swelling of 
the thermoresponsive polymer and folding of the capsules. 
For this purpose, backing yeast cells were deposited on the patterned 
polymer bilayer from a buffer dispersion at an elevated temperature when 
poly(NIPAM-BA) is shrunk (Fig. R13 a,c). The surface density of the cells was 
in the range of 2000–10000 cells/mm2 depending on the sample. A decrease in 
the temperature resulted in swelling of the poly(NIPAM–BA) and led to 
folding of the polymer capsules and encapsulation of the cells (Fig. R13 b,d). 
The yeast cells became accessible to the environment and could be removed 
from the polymer surface by liquid stream upon unfolding at an elevated 
temperature when the poly(NIPAM–BA) layer was shrunk. It was also 
observed that cells were concentrated in the center of the capsules after 
several folding cycles, which was caused by their sliding from the arms 
during folding. Consequently, these experiments demonstrated the possibility 
for encapsulation and release of cells using self-folding capsules. 
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All the shapes presented in this section so far were designed by 
dividing a sphere by regularly spaced cuts going from one of its poles without 
reaching the other one and subsequent flattening of the opened sphere. The 
main idea behind this design was to obtain spherical, or sphere-like, closed 
particles after folding of the polymer bilayer. As can be seen from Figure R14, 
this is exactly the outcome in the case of a 4-arm star. A 6-arm star forms, 
however, a doughnut-like capsule, which is due to the fact that the rays of the 
star are too short in order for their tips to meet at the center of the figure.  
Therefore, an alternative design of a six-arm star, which had longer rays and 
a smaller middle part, was suggested (see Figure R14a). 
 
Figure R14. Folding of a 6-arm star with decreased ray width 
However, this form failed to form a closed capsule. As can be seen from 
Figure R14b, the rays of the star did not fold precisely towards the center of 
the bilayer. Moreover, some of the arms folded slightly slower than others, 
which added further distortions in its final shape. Figure R14c represents the 
typical overall outcome of the process.162 
Summary 
In conclusion, we demonstrated the design of partially biodegradable 
thermoresponsive self-folding capsules capable of controlled capture and 
release of cells. The proof of principle was demonstrated on the example of 
star-like patterned polycaprolactone-poly(N-isopropylacrylamide) bilayers, 
which reversibly encapsulate/release yeast cells in response to a temperature 
signal. 
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Folding of Complex Shapes. Multi-Step Folding  
Motivation 
The folding behavior of rectangular and star-shaped polymer bilayers 
was investigated so far. Different folding scenarios arising in rectangles with 
altering width-to-length ratios were also demonstrated. A rectangle, though, 
could only provide us with the possibility to design and produce only one 
regular 3D structure – a tube. After adjusting the radius of folding, the star-
like patterns yielded capsules, which were able to reversibly encapsulate cells 
and, potentially, other micro- and nano-objects. Noteworthy, these capsules 
were produced by means of the same process we used for the design of the 
tubes – when compared to the folding of rectangles, it was the shape of the 
initial pattern and the folding radius that were changed; the mechanism was 
the same – simple one-step folding towards the center of the bilayer. It is 
clear that the number of structures that can be generated by this method is 
fairly limited. However, other systems are able to produce much more 
sophisticated shapes, like cubes, pyramids, dodecahedrons. One reason for 
this is that all the other systems include complex and expensive methods like, 
for example, multi-step photolithography. This grants the introduction of 
hinges or other inhomogeneities in the structure, thus providing additional 
means of control by allowing folding to occur in a certain, pre-defined 
direction. On the other hand, polymer bilayers produced by our method are 
homogeneous. The parameters we control are the circumference of folding (by 
adjusting the thicknesses of the layers) and the shape and size of the 
structures (by applying different photomasks). Due to the isotropy of the 
mechanical properties of the bilayer, the formed structures are hinge-free and 
have rounded shapes. Nevertheless, folding in nature can have a very 
complex character, which strongly depends on the geometry and swelling 
path that may result in multistep folding (development of curvature in 
different directions). Gaining inspiration from biological systems, we 
demonstrate that the shape of isotropic polymer bilayers is able to direct 
folding in a sophisticated manner leading to even more complex hierarchical 
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folding than in nature. In particular, films can undergo sequential folding 
steps by forming various 3D shapes with sharp hinges. By analyzing the 
folding patterns we elucidated empirical rules, which allow the folding to be 
directed, leading to the design of specific 3D shapes. 
Experimental part 
Synthesis of P(NIPAM-AA-BA): BA (0.28 g, 1,12 mmol), NIPAM (6 g, 
51.57 mmol), AA (0.2556 g, 3.36 mmol), AIBN (0.01632 g, 0. 38 mmmol) were 
added in a 50 ml flask. The components were dissolved in 30 ml ethanol and 
degassed with nitrogen for 30 min. The polymerization was carried out 
overnight at 70 °C under continuous stirring. After cooling, the mixture was 
poured in 750 ml diethyl ether; the precipitate was filtered and dried under 
vacuum at 40 °C. 
Synthesis of P(MMA-BA): 6.3 g MMA (62.7 mmol), 0.24 g BA (0.96 
mmol) and 0.05 g AIBN (0.31 mmol) were dissolved in 30 ml of toluene. The 
mixture was purged with nitrogen for 30 min. The polymerization was carried 
out overnight at 70 °C under nitrogen atmosphere with mechanical stirring. 
After cooling, the mixture was poured in 750 ml diethyl ether; the precipitate 
was filtered and dried under vacuum at 40 °C. 
Results and discussion 
For the experiments we used polymer films consisting of two layers of 
photo-crosslinked polymers: the active layer being a random 
thermoresponsive copolymer P(NIPAM-AA) and the passive layer being 
PMMA. The bilayer is located on a silica wafer in such a way that the active 
and passive polymers are the bottom and top layers, respectively. The bilayer 
is undeformed in PBS 0.1M pH = 7.4 environment at T > 70 °C and folding 
occurs after cooling below 70 °C. Due to the relatively slow diffusion rate of 
water inside the P(NIPAM-AA) layer, actuation is driven by the progression 
of the diffusion front, along which the hydrogel starts to swell. This induces a 
path-dependency in the folding pattern, as the bilayer is not homogeneously 
activated, but progressively swells as water diffuses from the lateral sides. 
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Investigations of the swelling were performed in a qualitative manner by 
observing the color change of the films, which reflects the change in optical 
path length (OPL) due to light interference (Figure R15). The OPL varies as a 
function of the film thickness and refractive index, which in turn depends on 
the swelling degree. 
 
Figure R15. Swelling (upper panels) and first step of folding (lower panels) of 
circular/elliptical (left panels) and star-like (right panels) bilayer polymer 
films 
The non-swollen elliptical and star-like films have a homogenous blue 
(Figure R15a) and reddish (Figure R15d) color, respectively. The difference in 
the color of both films is caused by their different starting thicknesses (Figure 
R15). The color of the films starts to change immediately after immersion in 
water at 25 °C, with the elliptical film becoming redder while the star-like 
film becomes green (Figure R15b,e). The changes of color in both cases start 
from the outer periphery of the bilayer film. As the active layer is confined 
between a water-impermeable silicon wafer and hydrophobic PMMA, this 
suggests that water can only penetrate inside the layer from the lateral sides. 
The depth of water penetration along the perimeter of the film (activation 
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depth) is uniform in both cases in the first moments of swelling. The 
differences in the swelling behavior between the two shapes appear after 
several seconds of incubation in water. The activation pattern depends on the 
external shape of the bilayers, with the position of the diffusion front (the 
activation depth) depending on the distance to the tissue border. This can be 
seen clearly in the differences of the activation patterns in the convex shapes 
like ellipses (Figure R15b), and concave ones like stars (Figure R15d). For 
star-like bilayers, the tips of the triangular-like arms swell faster than their 
base and their polygonal central part. This can be explained by the fact that 
after a certain time the diffusion fronts on either side of the arms intersect 
resulting in faster swelling. The experimental results show that the swelling 
starts from the periphery of the films and that the activation profile strongly 
depends on the shape of the film. 
Next, we experimentally investigated the folding of circular/elliptical 
and star-like films. Modeling predicts that multiple wrinkles are formed 
along the perimeter of the folding bilayer when it is edge-activated. The 
spatial wavelength of the wrinkles is proportional to the activation depth (d) 
as observed in the wrinkles of leafs due to excessive radial edge growth163 and 
solved analytically in the context of geometrically nonlinear elasticity164. As 
the activation depth increases, the number of wrinkles decreases as P/d, 
where P is the perimeter of the shape. The fact that there is both a gradient 
in the radial (edge-activation) and the transversal direction (bilayer) results 
in a combination of wrinkling and bending, respectively. In full agreement 
with the modeling predictions, experimental results show that the number of 
wrinkles decreases during folding (Figure R15i-l). Due to the transversal 
bending effect, the wrinkles actually evolve into local partial tubes as the 
activation depth increases. The process of merging of wrinkles can clearly be 
seen on a straight edge (Figure R16). 
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Figure R16. Evolution of wrinkling at the edge of a polymer bilayer during 
swelling. Wrinkles tend to merge after formation. Lines separate wrinkles 
that merged at some point during the process. 
Here, wrinkling was induced by gradually immersing a rectangle-
shaped polymer bilayer in water. Swelling first started at one side of the 
rectangle and wrinkles were formed (Figure R16a,b). As the process 
continued, more wrinkles were formed (Figure R16c) and the already formed 
ones began to coalesce (Figure R16d,e,f). 
For an indirect edge we observed that, at some point, the wrinkles stop 
to merge and their number remains constant. The probability of merging of 
two tubes depends on the angle (β, Figure R15h) between them. 
Experimentally, we found that the critical value of β below which merging of 
folded tubes was not observed is ca. 120–150°, which corresponds to 6–8 
wrinkles when starting with a circular shape (inset in Figure R15h). Based on 
these experimental observations we derived the first folding rule: “Bilayer 
polymer films placed on a substrate start to fold from their periphery and the 
number of formed wrinkles/tubes decreases until the angle between adjacent 
wrinkles/tubes approaches 130°”. After the number of wrinkles/tubes along 
the perimeter of the bilayer film stopped to change the bilayers are locked for 
some time until the subsequent folding step occurs. For example, the 
wrinkled semi-ellipse bends towards its base (Figure R17a). 
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Figure R17. Schematic illustration, experimental observation, and modeling 
of the second step of folding of the elliptical arms depending on their shape 
To explain the origin of the second step of folding we considered the 
geometry of the film after the first folding step. As mentioned, wrinkling of a 
bilayer leads to the formation of tubes along the perimeter of the film. 
Considering the fact that the rigidity of the tubes is higher than that of the 
undeformed films, the polygonal shapes are stiffened by this tube formation, 
and therefore possess a number of weak points located at the intersection of 
the tubes, i.e., at the vertices. These points act like hinges and folding is only 
observed along the lines connecting them (dashed line in Figure R17a). The 
formation of hinges during folding of isotropic bilayers, which to our 
knowledge has not been reported in the literature, is induced by the 
progressive activation from the lateral sides and the folded shapes are 
controlled by the initial shapes of the bilayers. This leads to the second rule of 
the folding: “After the wrinkles along the perimeter of the film form tubes, 
further folding proceeds along the lines connecting the vertexes of the folded 
film”. 
In case there are more than two hinges in the film, a question arises: 
upon which connecting line will the folding occur? The number of hinges is 
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largely determined by the shape of the semi-ellipses. The regular semi-ellipse, 
which has a triangular shape after the first step of folding, simply bends 
toward the base along the line connecting the two bottom vertexes (dashed 
line in Figure R17a).  
 
Fig R18. Examples of structures obtained by progressive edge-activation of 
six-ray star-like bilayers. a) Patterned bilayers; b) First step of actuation: 
wrinkles collapse into tubes; c–l) Second step of actuation: rays fold leading to 
several configurations depending on the order of folding. Scale bars - 200 µm. 
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If the semi-ellipse is more rounded, it forms a trapezoid after the first-
step of folding (Figure R17b). In the second step of folding, the trapezoid 
bends along one of the lines connecting the opposite top and bottom vertexes 
(dashed line in the second image from the left in Figure R17b). Next, the 
formed triangle bends towards its base along the line connecting the two 
bottom vertexes. The elongated semi-ellipse forms four folds after the first 
step of folding (Figure R17c). Interestingly, the semi-ellipse folds further 
along the lines connecting the vertexes at the base and the top vertex and no 
folding along the lines connecting neither the vertexes of the middle nor the 
ones at the base is observed. Looking at the evolution of the activation 
pattern through time (diffusion profile see Figure R15), we observe that the 
lines connecting the hinges can only be used if they are within the activated 
pattern. Thus, the third rule of folding states: “the folding goes along the lines 
which are closer to the periphery of the films”. Six-ray stars demonstrate the 
formation of very complex structures (Figure R18). 
 
Figure R19. Microscopy snap-shots illustrating the mechanism of formation of 
triangles during actuation of a six-ray star. Scale bar is 200 µm. 
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Notably, simultaneous folding of all rays is observed very rarely and in 
most cases triangles (Figure R18g) were formed. We investigated the folding 
in a time-resolved manner in order to explain the formation of the triangles 
(Figure R19). 
Similar to the experiment demonstrated in Figure R15, wrinkles get 
longer and bend transversally into tubes (Figure R19b) thus increasing the 
rigidity of the ray. Next, one of the rays folds towards the center of the star (II 
in Figure R19c). Folding of this ray leads to the formation of a rigid semi-
rolled tube, which is formed by the folded ray and the tubular shoulders of 
the adjacent rays (Figure R19c). The angle between the base of the folded ray 
and the shoulders of the neighboring arms is close to 180° (Figure R19c). In 
this configuration, the weak points located at the intersection between I–II 
and II–III have disappeared and rays I and III (Figure R19c) cannot bend 
anymore. As a result, only three remaining rays (IV, V, VI) can bend. If ray V 
folds, no additional rays can bend (Figure R18l). If ray IV folds (Figure R19d) 
ray V is blocked. Finally, ray VI can fold leading to the formation of a triangle 
(Figure R19e). The discussed principle can be easily applied to understand 
the formation of the other observed figures (Figure R18c-l). In fact, several 
factors can be held responsible for the observed symmetry breaking (rays do 
not fold at the same time) such as inhomogeneities in the films and shape 
imperfections resulting in small deviations from the symmetric diffusion 
profile. Fig. R20 gives a summary of all possible structures that can be 
formed from a six-arm star. 
Based on these experimental observations, one can derive the fourth 
folding rule: „Folding of the rays may result in blocking of the neighboring 
rays if the angle between the base of the folded ray and the shoulders of the 
neighboring rays is close to 180°”. 
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Figure R20. Summary of the outcomes of hierarchical multi-step folding of a 
6-arm star 
Finally, we applied the derived rules for the design of truly 3D 
structures–pyramids. In fact, the reason why six-ray star formed flattened 
folded structures is their short arms and the hindering of folding of rays. 
Therefore, in order to fabricate pyramids we increased the relative length of 
the rays and changed the angle between them by decreasing their number 
(Figure R21a, b). The rays of the fabricated four-ray stars first wrinkle along 
their perimeter (Figure R21c, d). Four tubes are formed along the perimeter 
of each ray (first rule, Figure R21c), which then collapse two by two and form 
triangles (second rule, Figure R21d). Since the angle between the folds 
located on the shoulders of each ray is considerably smaller than 180°, the 
folding of rays is not self-interfering (forth rule) and all rays fold in the 
direction of the center of the star (third rule) thus forming a hollow pyramid 
(Figure R21e, f, g). 
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Figure R21. Sequential actuation of four-ray stars leads to the formation of 
pyramids. a,b) unactivated film; c,d) after wrinkling of the ray periphery into 
tubes; arrows indicate four wrinkles formed on each arm during first step of 
folding; e-g) after folding of rays leading to the formation of pyramids. Scale 
bar is 200 µm 
As it was shown earlier, six-arm stars failed to form hexagonal 
pyramids because of two factors: first, the rays of the stars were too short and 
second, due to inhomogeneities in the polymer film, some arms started to fold 
later than other. The second problem, however, did not apply for four-arm 
stars because, in this case, if any two of the rays started folding at 
approximately the same time, they would eventually meat at the center of the 
structure and prevent each other from further folding. Hence, an almost 
100% outcome of pyramids was obtained. A question arises: what outcome 
would a five-arm star have? To answer the question, we designed a five-arm 
star, the hierarchical folding of which should, at least theoretically, lead to 
the formation of a pentagonal pyramid. We used the same system as in the 
case of the four- and six-arm stars. We observed that only in few cases a 
pentagonal pyramid was formed, namely when four or all five rays started to 
bend simultaneously towards the center of the figure (Figure R22c). In all 
111 
 
other cases, distorted pyramids, like those shown on Figure R22 a) and b), 
were obtained: 
 
Figure R22. Examples of pentagonal pyramids, obtained by multi-step 
hierarchical folding; a) and b) distorted pyramids, suffering different types of 
folding errors; c) properly folded pentagonal pyramid. 
The derived rules of folding are, in fact, applicable to other shapes, 
such as rectangles. As an example we included two-step folding of rectangles 
(Figure R23). 
 
Figure R23. Two-step folding of rectangles. Scale bar is 500 µm. 
We observed that, in general, the folding rules are applicable to all 
thicknesses. To argue that we performed many experiments with different 
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thicknesses. The difference between thin and thick films was minor. For 
example, we observed that when star-like thin film fold, then all six arms 
(Figure R18d,k) can fold inside because the rigidity of the film is not 
sufficiently high. In the case of thick films, we typically observed folding of 3–
4 arms (Figure R18g,l).165 
Summary 
In conclusion, we investigated the actuation of patterned bilayers 
placed on a substrate. Due to the edge-activation of the bilayers, the observed 
deformed shapes differ from the classical ones obtained by homogeneous 
activation. We found that films can demonstrate several kinds of actuation 
behavior such as wrinkling, bending and folding that result in a variety of 
shapes. Moreover, it was demonstrated that one can introduce hinges into the 
folded structure by proper design of the bilayer's external shape through 
diffusion without having to use site-selective deposition of active polymers. 
Experimental observations led us to derive four empirical rules. We then 
demonstrated how these rules can be used to direct the folding of edge-
activated polymer bilayers through a concrete example - the design of a 3D 
pyramid.  
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Multi-Step Folding of Porous Films  
Motivation 
In the previous section, the formation of a pyramid was demonstrated.  
A pyramid, however, has triangular sides.  A question arises: is it possible to 
design a polymer bilayer film which, after folding, will form a figure with non-
triangular sides, e.g. a cube? Cross-like structures have already been 
successfully used to create a cube17. Here, welding due to capillary forces is 
used to drive the process. Moreover, the building blocks, or the sides, of the 
structure are made of metal and are thus unable to bend. It was shown that 
this design gives the best results in terms of reproducibility, so we decided to 
adopt it for our system. However, in our case the sides would be made of a 
soft polymer which sports significantly lower mechanical stability and is thus 
susceptible to bending and folding. As it was already shown, swelling starts 
from the edges of the polymer bilayer, as this is the only location accessible 
for the solvent. If the radius of folding is significantly smaller than the size of 
the structure itself, tubes are formed from all sides. In this case, a square 
would stay a square but with its sides being tubes, i.e. rigid structures. As it 
was shown in the first section, subsequent folding of such squares leads to the 
formation of triangles. From the first sight, it seems pointless to use this 
multi-step approach for the design of cubes. Nevertheless, a cross-like 
structure made of squares differs from a single square. When multiple 
squares are joined together, some of their sides are no more the edges of the 
structure and are thus inaccessible for the solvent. As swelling starts from 
the edges of the polymer bilayer, a figure made by joined together squares 
should exhibit a different folding behavior than a single square. With all 
these considerations in mind, we found it worth investigating how such a 
structure would fold. Figure R24 represents the design (a) and the folding 
behavior (b-d) of a cross-like polymer bilayer. The structure was designed by 
joining six squares of the same size (marked with numbers on Figure R24a). 
As we needed the structure to have square-shaped sides after folding, we 
used squares with rounded sides in order to avoid distortions in the square 
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form after formation of the tubes. If “normal” squares would have been used, 
the formation of tubes would have led to concave sides.  
 
Figure R24. Folding of a cross-like polymer bilayer 
The first step of the process went according to our expectations, 
namely, the edges of the structure formed tubes upon swelling. Parts 1,2 and 
3 formed squares. Part 4 didn’t swell, as it was inaccessible for the solvent. 
The sides of parts 5 and 6, however, coalesced and formed a rectangle instead 
of two separate squares (Figure R24b). As the depth of the swelling front 
increased further, squares 1-3 folded along one of their diagonals into 
triangles. The rectangle formed from parts 5 and 6 also folded along one of its 
diagonals. As a result, the structure shown on Figure R24c was obtained. The 
last step of folding resulted in the structure, shown on Figure R24d. This 
structure, despite looking far from being a cube, allowed us to draw an 
important conclusion, namely, that hierarchical multi-step folding of square 
polymer bilayers would always tend to result (where possible) in the 
formation of triangles, whether one side of the square is connected to another 
structure or not. In order to create a cube or any other 3D structure with non-
triangular sides, an effective way to stop folding along the lines connecting 
neighboring vertexes should be thought of. A possible solution would be the 
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insertion of a rigid element inside the bilayer perpendicular to the direction of 
folding. How can this be done without the employment of expensive and time-
consuming methods like multi-step photolithography? The answer to this 
question is, albeit counter-intuitive, quite simple – one should design 
structures with pores. A pore would normally decrease the rigidity of a 
structure. A pore in our case is basically an edge inside the structure and can 
thus form tubes which, as we’ve already shown, exhibit much higher rigidity 
than a film. On the other hand, a pore exposes different parts of the active 
layer to the solvent and will strongly influence its swelling and, as a 
consequence, the folding behavior. Hence, we needed to investigate the 
influence of pores on the swelling and the folding behavior of polymer 
bilayers. We chose squares because of the simplicity of the form and the 
predictability of its hierarchical folding: a square is symmetrical and has only 
two diagonals. As a result, multi-step folding of a square leads to the 
formation of a triangle. Moreover, due to the symmetry of the figure, it 
doesn’t matter along which diagonal folding will occur, as the outcome will 
always be the same. It is expected that the introduction of holes in the 
polymer film should strongly influence the swelling scenario, its folding 
behavior and thus shall change the shape of the resulting structure. Here, we 
investigate the influence of holes of different size and shapes on the folding 
behavior of polymer bilayers. We chose squares as a template form (further – 
template squares) for our study, as there are only two possible ways for a 
hierarchical folding to occur, namely along either of the diagonals. 
Experimental part 
Preparation and properties of the films. 
We prepared polymer films consisting of an active (lower) and passive 
(upper) layers as described earlier. For the active layer we used a random 
copolymer of N-isopropylacrylamide (NIPAM, 92% mol), acrylic acid (AA, 6% 
mol) and 4-benzophenone acrylate (BA, 2% mol) - P(NIPAM-AA). P(NIPAM -
AA) has a lower critical solution temperature (LCST) of around 28°C in water 
and more than 35°C in phosphate buffer with pH 7.4. In our study, however, 
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we were not interested in the reversibility of the folding, so we used 1mM 
solution of sodium hydroxide (NaOH) instead of water or buffer that increase 
the LCST to around 70°C. Additionally, full folding of the bilayer occurred 
slowly (up to 1 hour) in buffer and even slower in water, while in 1mM NaOH 
it took several minutes. The passive layer was a random copolymer of 
methylmethacrylate (MMA, 98% mol) and 4-benzophenone acrylate (BPA, 2% 
mol) - PMMA. The thicknesses of the resulting layers were 1200 nm for the 
P(NIPAM-AA) and 400 nm for the PMMA. These thicknesses led to the 
formation of tubes with a relatively small diameter (5-10 microns) compared 
to the size of the pores (20-200 microns) and the investigated patterned forms 
(500x500 microns. The patterned bilayer is underformed at 70°C and bends 
when the temperature decreases below 70°C due to swelling of the 
photocrosslinked P(NIPAM-AA) layer (Figure R25a). 
Results and discussion.  
Folding of squares without holes 
 First, we demonstrated a scenario for swelling and folding of square 
rectangles without holes (Figure R25b-d). Similar to our previous 
observations, swelling starts from the periphery of the films and the swelling 
front slowly moves towards the center of the film. Folding starts in the areas 
where the film is swollen, i.e. at the periphery, which leads to the formation 
of wrinkles/folds along each side of the square (Figure R25c). These 
wrinkles/tubes increase the rigidity/bending modulus of each side that allows 
further folding along the line connecting the vertexes where the bending 
modulus of the film is unchanged. As a result, triangles are formed (Figure 
R25d). There is no preferential bending direction during the second step, i.e. 
the film can bend along any of the diagonals. We also observed that the 
formed triangle “kniks” and starts to fold along the line connecting the center 
on the long side and the opposing vertex (Figure R25d).  
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Figure R25. Folding of polymer bilayers. (a) - bending of a polymer bilayer 
consisting of hydrophobic PMMA and thermoresponsive P(NIPAM-AA); (b-d) 
microscopy images of the folding of a square film, (b)  film before folding; (c) 
film after the first step of folding; (d) film after the second step of folding. 
Swelling of structures with holes 
It was previously shown that the substrate plays a crucial role in 
determining the folding behavior of polymer bilayers by limiting water 
diffusion to the lateral sides of the blend. However, a hole is essentially 
introducing additional edges inside the structure and will thus strongly 
influence the swelling pattern of the polymer films. In the light of this, the 
swelling behavior of porous structures had to be investigated in the first 
place. 
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Figure R26. Swelling of porous structures. The swelling front is revealed 
through the changing colour of the polymer bilayer. Swelling starts at the 
outer edges of the structure, as well as at the pores. 
An example of swelling of a complex porous structure is presented on 
Figure R26 (more information about the design of the structure is given later 
in the text). The investigation of swelling was performed in a qualitative 
manner by observing the color change of the films which reflects the change 
in the optical path length due to light interference (OPL). The OPL varies as 
a function of the film thickness and refractive index, which in turn depends 
on the swelling degree. 
Effect of a small hole position 
Second, we investigated the folding of squares with a different number 
of small holes located either in the center or near the corners of the squares. 
Swelling starts from both outer (square edges) and inner edges (holes) of the 
film. Folding follows the swelling scenario and starts from the outer and 
inner edges of the film. As a result, tubes along the square sides and small 
toroids inside the square are formed. The second step of folding is more 
complex than the folding of a simple square. First, similar to a simple square, 
the tubes along the square sides have higher rigidity, which leads to folding 
along the diagonals. What is different is that the toroids formed by the holes 
inside the square also sport increased rigidity. If the toroid is located on a 
possible folding line (diagonal), it hinders the folding. In the case of a single 
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circular pore located in the center of the template square, bending along one 
of the diagonals still occurs with the bending line going round the toroid, as 
this is the direction of less resistance. Since both diagonals are equal, there is 
no preferential direction of folding.  
Films with four circles/ellipsoids located close to the corners also fold 
and form a triangle (Figure R27a1). In this case, however, the folding line 
does not round the holes but goes through them, i.e. the toroids bend. Since 
an equal number of holes is positioned on each of the diagonals, there is no 
preferential direction of folding (Figure R27a2,a3). There is also no 
preferential folding direction if two holes are located on the same side of the 
square since the number of holes on the diagonals is the same (Figure R27b1-
b3). Template squares with two holes at the opposite corners (Figure R27c1) 
or three holes (Figure 2d1) break this symmetry. In this case, the diagonals 
are not equal (one hole on one of the diagonals and two holes on the other) 
and the film folds along the direction where the number of holes/toroids is 
smaller because the rigidity in this direction is smaller (Figure R27c2,d2).  
 
Figure R27. Different scenarios of folding of square bilayer with small 
circular holes: (a1-a3) holes are in all the corners – folding occurs along one of 
the diagonals; (b1-b3) holes are in three of the corners – folding always occurs 
along the diagonal with one pore only; (c1-c2) small two circular pores on 
different diagonals; (d1-d2) two circular pores on one diagonal – folding 
always occurs along the pore-free diagonal; (e1-e2) one circular pore in the 
corner – folding occurs along the diagonal without hole. 
Similar behavior was observed for template squares with one small 
hole placed on one of the diagonals near the edge (Figure R27e1) – folding 
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occurred only along the “pore-free” direction (Figure R27e2). Based on these 
observations one can conclude that (i) contrary to the apparent expectation 
that a hole shall make the film softer, it makes the film locally stiffer and (ii) 
there is a possibility to control the folding of the films by making and 
positioning of small holes in the film.  
Effect of shape and size 
Next, we investigated the effect of the size and shape of a hole located 
in the center of a square on the character of folding of a polymer film. Similar 
to the previous observations, swelling starts from the outer and inner edges of 
the film. Folding follows the swelling scenario and wrinkles/tubes along the 
inner and outer edges are formed in the first step of folding. The shape of the 
wrinkles/tubes inside depends on the shape of the hole. For example, square 
and cross-like holes form squares. Circles and ellipses form circular and 
elliptical toroids, respectively.  
As it was already mentioned, a small circular pore in the middle of the 
template square is unable to completely hinder the diagonal folding of the 
square bilayer and the second step of folding goes round the toroid. As a 
result, a triangle is formed (Figure R28f1-f3,i1-i3). Similar effect should then 
be expected for all the cases where a small hole is positioned in the center of 
the template square in such a way, that after swelling it would form 
toroid/tube on the folding direction. Indeed, square and cross-like holes 
positioned in that manner change the line of bending so that it rounds the 
central pore. This is the case with square holes, where the square pore is 
turned to 45° to the template square (Figure R28g1-g3,i1-i3). Surprisingly, 
the same behavior was observed if the pore was oriented the same way as the 
template square (Figure R28d1-f3). A closer look at the pore, however, reveals 
that the pore has an almost circular form, providing an explanation of the 
observed phenomenon: a small square pore forms a circle; subsequent folding 
then occurs as in the case of a circular pore. As expected, similar results were 
obtained with cross-like pores, as we specifically designed them to form 
squares after swelling of the active layer. 
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We observed that in many cases the film underwent a third step of 
folding – further deformation of the triangles. The third step results in folding 
along the line connecting the center on the long side and the opposing vertex 
that is similar to Figure R26b-d or formation of more complex structures 
(Figure R28a3-i3). Increasing the size of the pores significantly changes the 
folding behavior of the polymer bilayers. Here, in contrast to the case of small 
pores, different pore shapes led to different folding tendencies. In general, all 
structures formed can be classified into three groups. The first group 
comprises simple diagonal folding (Figure R28f3,i3), which was discussed 
above. The second group comprises deformed diagonal-folded squares 
somewhat resembling a folded napkin (Figure R28a3,c3,d3,e3). The third 
group is represented by complexly folded structures as in Figure R28b3,h3.  
 
Figure R28. Folding of square bilayers with large holes of different shapes 
located in the center 
Mechanisms of folding 
Further, we investigated the process of formation of the second and 
third types of structures in detail (Figure R29). First, we considered folding of 
a square with a square hole which is not turned (the sides of the square and 
the hole are parallel, Figure R29a1-a3). Tubes/wrinkles are formed along the 
perimeter of the square and the hole after the first step of folding (Figure 
R29a1). Since the diagonals of the square coincide it folds along one of the 
diagonals and a triangle with a hole is formed (Figure R29a2). Next, the 
opposite sides move in the direction of each other and the film folds in half 
(Figure R29a3). Noteworthy, the whole process is very fast - it takes tenths of 
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a second for the template square to fold, opposed to seconds in the first group. 
Release of stress, built up during the folding process, could be one of the 
possible explanations of the phenomenon. The folding sides of the square hole 
are rolling away from each other, thus pulling and stretching the polymer 
film in the areas of the pore-corners. This builds up stress in the material, 
which is released during the folding process, greatly increasing its speed. 
Another peculiar thing about the process is that one of the sides of the final 
structure is folded in the wrong direction, i.e. the active layer forms the inner 
curvature of the bend, while the passive forms the outer. This is not only 
contrary to everything that has previously been observed, but also seems 
illogical at first glance, as it is the active layer that increases in volume and 
not the passive. Based on that we argue the structures are not fully 
symmetrical and one side dominates over the other. This also provides an 
explanation of the “knicks”, observed in the case of pore-free template squares 
(see Figure R24). Here, one side dominates but the difference is too small 
compared to the overall area of the polymer film. In the case of square pores, 
however, the asymmetry is larger due to the smaller area of the polymer film, 
which makes it possible for the third step of folding to proceed further. Still, 
the third folding step doesn’t succeed fully to the end – the structures are 
half-opened, in contrast to the second step, where almost fully closed 
triangles are formed. This can be due to the fact that in the third folding the 
“wrongly” bent side prevents the structure from folding to the full extent. 
Next, we investigated the folding of a square with one large, circle-like 
hole (Figure R28a1-a3). Tubes along each side of the square and a toroid in 
the hole are formed after the first step of folding (Figure R29b1). The toroid 
has higher rigidity than the bilayer film and hinders the bending along the 
diagonals of the square. Therefore, the square bends along the diagonal with 
relatively large curvature radius, which exceeds the radius of curvature in 
the first step of folding. Similar to previous examples, further swelling leads 
to folding in half (Figure R29b3-b4).   
Further, we investigated the folding of a square with a square hole 
turned by 45° (Figure R29c1,d1). 
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Figure R29. Microscopy snapshots on different stages of folding of square 
bilayer with holes of different shape 
The first step of folding proceeds similarly to previous experiments and 
leads to the formation of tubes along the perimeter of the square and the hole. 
Here, folding along the diagonals is not favorable as it would require the 
tubes to be bent. Instead, the second step of folding occurs along the lines, 
connecting the vertexes of the template square with the vertexes of the 
square pore as shown on (Figure R29c1-c3,d1-d2, Figure R30b1-b3). Further 
folding proceeds in a manner that two opposing vertexes bend towards each 
other (Figure R29c3). At the end of the process, the square pore may preserve 
its form (Figure R29c4, Figure R30b1,c1). Another possibility is that the 
square hole collapses (Figure R29d4, Figure R30b2,c2,d1,e1). Very rarely, we 
observed that two side of the holes bend, leading to a structure presented on 
Figure R30b3,c3,d2,e2. We only observed this type of behavior in less than 1% 
of the folding events.  
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Figure R30. Folding scenarios of a square with a cross-like hole turned by 45° 
Going back to the motivation of this part of the work, one thing we 
wanted to achieve was to obtain a cube by hierarchical multi-step folding of a 
cross-like polymer bilayer. As it was already shown, a pore-free template 
failed to fulfill the task as folding of the to-be-sides lead to the formation of 
triangles, i.e. two-step folding occurred. So far, all of the suggested designs 
failed to hinder the two- and three-step folding of the template squares, which 
proceeded either along the diagonals or in a more sophisticated manner, as in 
the case with square pores. Based on these results, one could argue that 
introducing pores to the template cross-like structure would also fail to direct 
the folding in the desired direction, i.e. to the formation of a cubical. 
Nevertheless, we considered it worth investigating. For this purpose, 
structures shown on Figure R31 a1 and b1 were designed. 
Similarly to the previous pattern (see Figure R24), these were obtained 
by joining squares with pores together. One of the squares was left pore-free, 
because it was already observed that it doesn’t fold. The architecture also 
exhibited larger distance between squares 5 and 6. This was done in order to 
avoid the forming tubes from coalescing, as was in the case with the previous 
design. Typical folding behavior of the polymer bilayer is shown on Figure 
R31. 
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Figure R31. Folding of a cross-like polymer bilayer with square holes 
First, tubes are formed (Figure R31a2 and b2). Subsequently, squares 
1,2 and 4 undergo second-step folding and form structures, identical to the 
ones formed by the template squares (compare with fig R29). Part 5 and 6, 
albeit not forming a single rectangle due to coalescence of their sides, showed 
more random behavior with folding occurring along any possible line that 
didn’t cross a tube. 
Summary 
We investigated the influence of pores on the folding behavior of 
square-shaped polymer bilayers. Furthermore, we showed that pores of the 
right form and dimensions can be actively used to change the folding of a 
polymer bilayer by hindering the folding in certain (chosen) directions, thus 
allowing for the design of novel 3D structures. We also showed a novel type of 
folding of such systems, namely reverse folding, which further increases the 
arsenal of available structures. 
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Summary and 
Conclusions 
This thesis discusses the 
preparation of self-folding polymer 
bilayers and the investigation of 
their swelling and folding 
behavior. This section helps to 
understand the connection 
between the different chapters, 
gives a condensed insight on the 
results and reviews the most 
important considerations and 
analysis. In particular, the 
influence of factors like folding 
radii and the presence of holes on 
the folding nature of simple 
(rectangle) and complex (star-like) 
shapes was thoroughly 
investigated and the acquired 
knowledge was then used to design 
various 3D constructs. 
One of the main goals of this 
work was to explore the 
possibilities and to find different 
from the already reported methods 
for assembling of polymer bilayers 
into 3D origami structures. We 
found that the existing at the time 
4 Chapter 
 Summary and 
Conclusions 
 Outlook 
 References 
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this work started information on the folding behavior of bilayer systems was 
not complete and explicit enough for our purpose. As a consequence, we had 
to start our research on basic and thus easy-to-understand shapes like 
rectangles.  
It was shown that swelling of a bilayer system starts from the 
periphery due to faster diffusion of water and propagates inside. 
Furthermore, folding follows the swelling scenario and also starts from 
the periphery. It then proceeds in one step, if the folding curvature is 
comparable with the size of the object and leads to the formation of rounded 
objects such as tubes and capsules. If the bending radius is much smaller 
than the lateral dimensions of the structure, multistep folding is observed, 
yielding objects with sharp edges. 
Rectangle films with small folding diameters (C<<L) undergo long-side 
rolling at high aspect ratios. At low aspect ratios, diagonal and mixed types of 
rolling were observed. For large folding diameters (C≈L), long-side rolling 
prevails at high aspect ratios; all-side rolling is typical for low aspect ratios. 
Multi-step folding occurs when the radius is small and is directed by the 2D 
shape of the film. Based on the analysis of various folding scenarios, 
empirical rules for the process were derived: 
1) “Bilayer polymer films placed on a substrate start to fold from their 
periphery and the number of formed wrinkles/tubes decreases until the angle 
between adjacent wrinkles/tubes approaches 130°”;  
2) “After the wrinkles along the perimeter of the film form tubes, 
further folding proceeds along the lines connecting the vertexes of the folded 
film”;  
3) “The folding goes along the lines which are closer to the periphery of 
the films”;  
4) „Folding of the rays may result in blocking of the neighboring rays if 
the angle between the base of the folded ray and the shoulders of the 
neighboring rays is close to 180°”.  
By applying these rules we designed experiments to obtain different 2D 
and 3D constructs, e.g. pyramids. The formation of a cube in a similar way, 
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however, proved to be futile, as its square sides undergo folding to form 
triangles. To overcome the problem, we suggested that holes were introduced 
in the polymer bilayers. The main reason is that a hole will form tubes that, 
as we already knew, can act as rigid elements, effectively blocking the folding 
in the perpendicular to it direction. Despite the correctness of our reasoning, 
we failed to produce a cube by hierarchical folding of polymer bilayers. 
However, other sophisticated 3D objects were obtained, further increasing the 
arsenal of available structures, as well as giving an in-depth insight on the 
folding process. 
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Outlook 
Since the second industrial revolution 19th century, humanity has 
experienced truly rapid incorporation of ever newer technologies in all 
spheres of life. Some of these innovations, alongside with their obvious 
benefits for the growth and prosperity of the society, can pose certain risks 
and cause complications. As a result, with ever increasing development and 
application of new scientific ideas, nowadays humanity faces several global-
scale problems. Three major areas of concern are healthcare, energy and 
environment, representing the inner will of all the people to live long and 
healthy in a clean world, with no lack in resources and mobility. 
There is an ever increasing trend among scientists and engineers to 
use nature as a source of inspiration, successfully copying and even 
improving different structures, properties and mechanism from living 
organisms and applying them to solve problems. “Bioispired” and 
“biomimetics” are often found in the description of numerous recent 
publications, especially in medicine and bioengineering. The self-folding 
polymer bilayers are no exception, as they mimic the mechanism of actuation 
in plants. 
In the last decades, regenerative therapy has become an increasingly 
demanded branch of medicine. As an important part of it, tissue engineering 
has also attracted significant interest from the scientific community. Tissue 
engineering is associated with applications that repair or replace portions of 
or whole tissues, for example bone, cartilage, blood vessels. To create a tissue, 
cells are implanted into an artificial structure capable of supporting three-
dimensional tissue formation – the so called scaffold. A biodegradable scaffold 
is readily broken down by enzymes and can thus be dissolved after it has 
fulfilled its function. The properties of the scaffold play a crucial role in the 
development of the tissue. Despite the rapid advance in this field, there is a 
constant need for novel materials and cell-loading methods for scaffolds. In 
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most cases, the whole scaffold is manufactured at first, and then cells are 
incorporated inside it by means of different techniques. As a result of slow 
migration of cells through a porous scaffold, cells may be inhomogeneously 
loaded. The inhomogeneity of loading can be solved using the self-folding 
structures.  
The self-folding microstructures presented in this work represent an 
excellent potential approach for the formation of 3D structures such as 
scaffolds, possessing numerous advantages. First, by means of chemical 
modification or simply by the proper choice of monomers, self-folding 
structures can easily be made biocompatible and biodegradable. Next, the 
self-folding approach gives the possibility to first prepare structural elements 
for the scaffold, then load them with cells in a desired manner and then 
assemble the elements in a 3D aggregate, theoretically allowing for a far 
better control over the loading parameters. Porosity is an important factor for 
the survival of cells inside the scaffold. 
Another perspective direction for the further development and 
application of this work is the design of biocompatible self-propelled 
microjets. Microjets based on inorganic materials have been in the center of 
attention of several research groups, as they possess a number of attractive 
properties that make them ideal candidates for cell-manipulation tools. In one 
approach, for example, freely floating cells are pushed by a microjet. The 
speed of movement is determined the H2O2 concentration and the diameter of 
the tube and the direction of swimming can be controlled by a magnet. The 
concentration of H2O2 in the human body is, however, quite low and for the 
successful application of this approach in vivo other means of producing gas 
should be found. Another way to grant the ability to move the microtubes is to 
encapsulate cells that are capable of directed movement, e.g. sperm cells. 
Here, the tube is propelled by the cell and incorporation of magnetic layers in 
it would allow to easily control its direction. This cell-laden tube can 
ultimately be used as a microcarrier for drugs, particles or even other cells. 
This work has provided the basic fundamentals of folding continuous 
as well as porous bilayers. Both theoretical considerations and experimental 
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results have shown the possibility to create sophisticated shapes, suitable for 
various applications in medicine and biotechnology. This work can thus be 
considered a step towards the design of innovative materials. 
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